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ABSTRACT

This thesis examined putative event-related potential (ERP) indices of the
phasic and tonic orienting reflex (OR) in three different paradigms. The classic
single series habituation paradigm was utilised for Study 1, the ERP-style
dishabituation paradigm for Studies 2, 3 and 5, and the classic two-tone oddball
paradigm for Study 4. In this thesis the OR is operationalised in terms of the
sequential processing approach to stimulus-response elicitation described in
Preliminary Process Theory (PPT) (Barry, 2006). It was expected that the late
positive complex (LPC) of the ERP would represent a CNS correlate of the phasic
skin conductance response (SCR) OR-yardstick. Although some similarities were
observed between measures, they were not shown to represent the same process.
For three of the studies, principal components analysis (PCA) was utilised to
explore the separation of LPC sub-components. Four separate components were
repeatedly found to contribute maximally to the LPC. These were identified as
the P3a, P3b, Novelty P3 and classic slow wave, and were differentially related to
the model SCR-OR. In addition, a preliminary investigation of the tonic OR
compared the pre-stimulus contingent negative variation (CNV) with pre-stimulus
arousal level (measured by SCL). A weak relationship was shown between these
measures, which may be accounted for by an additional process of expectancy
being indexed by the CNV. This thesis showed that PPT provides a better account
of the LPC and its sub-components‟ stimulus-response patterns than current
theoretical explanations of their functional significance. The P1, N1, P2 and N2
components of the ERP were also examined in Study 1. None showed a
relationship with the phasic OR model. The data from this thesis suggest that
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further exploration of ERP components, employing autonomic parameters as
stimulus-response yardsticks derived from a structured theoretical context such as
that provided by PPT, may be useful in clarifying the determining factors that
underlie the ERP in various paradigms, potentially leading to a reinterpretation of
its functional significance.
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CHAPTER 1 :

INTRODUCTION

1

1.1

Overview
Classic notions of the psychophysiology of the orienting reflex (OR) arose

from the work of E.N. Sokolov (1963a), who presented the OR as a major
phenomenon in both learning and perception. Sokolov (1963b) proposed that a
cortical representation (neuronal model) develops with repeated presentations of a
given stimulus, and that new stimuli failing to match the model elicit the OR. He
noted that “Its distinguishing characteristic is that it arises in response to novelty”
(p. 576). Sokolov (1963b) described the OR as an independent functional system,
which includes the integration of behavioural, autonomic and electrophysiological
components. Sokolov‟s unitary conception of OR elicitation implied that all
components of the OR behave in a comparable manner to variations in stimulus
novelty and stimulus repetition.
A large body of research examining the unitary nature of the OR quickly
followed. Rather than suggesting a unitary response pattern, the majority of the
evidence showed only moderate inter-correlations for the autonomic components
of the OR (e.g., Barry, 1977a, 1977b, 1978, 1979, 1982a, 1982b; Barry & James,
1981a, 1981b; Maltzman, Gould, Barnett, Raskin, & Wolff, 1979; Ray, Piroch, &
Kimmell, 1977; Siddle & Heron, 1977). Barry (1977a, 1977b, 1978) examined
the stimulus response patterns for EEG alpha desynchronisation, respiratory pause
(RESP), peripheral pulse amplitude response (PPAR), cephalic pulse amplitude
response (CPAR), galvanic skin resistance response (GSR) and changes in heart
rate (HR) in a simple habituation paradigm. Three of these measures, EEG alpha
desynchronisation, RESP, and the GSR, showed response decrement over
stimulus repetitions, but the others did not. In regard to the effects of stimulus
intensity, two of the measures, PPAR and GSR magnitude, showed a direct
2

relationship, but no relationship was shown in the other measures. The reliability
of the different stimulus-response relationships observed led Barry (Barry &
James, 1981) to propose an alternative, sequential processing model of OR
elicitation and habituation, based largely upon the observed fractionation of phasic
autonomic nervous system (ANS) responses in the OR context, which was
subsequently developed as „Preliminary Process Theory‟ (PPT) (Barry, 1996,
2006). The historical development of PPT is comprehensively reviewed in
Chapter 2.
Current ANS research examining the OR typically relies on variants of the
dishabituation paradigm, in which a repetitive stimulus (S1) is presented for a
series of trials, during which a different stimulus (S2) is interpolated. For a
measure to be considered a component of the OR, it must show evidence of
response decrement to repetitions of S1, response recovery of the habituated OR
to the novel S2, and enhanced responding (dishabituation) to a subsequent representation of S1. These three properties define the decremental process as
habituation, ruling out alternative explanations such as receptor fatigue (Groves &
Thompson, 1970). The GSR (electrodermal activity, earlier measured as skin
resistance changes, and now as skin conductance responses – SCRs) is the most
consistent ANS measure that conforms to these predictions (Barry & James, 1981;
Connolly & Frith, 1978; Groves &Thompson, 1970; Webster, Dunlop, & Simons,
1965). SCRs are further reflective of variations in stimulus parameters such as
intensity or significance (Barry, 1975, 1982a, 1982b; Barry & Furedy, 1993;
Barry & James, 1981; Germana, 1968; Jackson, 1974).

3

The late positive complex (LPC/P31) of the event-related potential (ERP) is
elicited by stimuli of any modality, and has been associated with orienting,
attention, stimulus evaluation and memory (Courchesne, Hillyard, & Galambos,
1975; Donchin, Karis, Bashore, Coles, & Gratton, 1986; Hillyard & Picton, 1987;
Knight, 1996; Neville, Kutas, Chesney, & Schmidt, 1986; Squires, Squires, &
Hillyard, 1975a, 1975b). The amplitude of the LPC has been shown to be
augmented by increased stimulus intensity (Covington & Polich, 1996; Picton &
Hillyard, 1974; Polich, Ellerson, & Cohen, 1996; Ritter & Vaughan, 1969; Roth,
Blowers, Doyle, & Kopell, 1982) and stimulus significance (Donchin & Coles,
1988; Picton & Stuss, 1980; Squires et al., 1975a; Squires, Donchin, Herning, &
McCarthy, 1977). Such similarities in stimulus-response outcomes for the LPC
and the OR encouraged an international panel of researchers to propose
examination of the LPC as an index of the OR (Donchin et al., 1984). The most
commonly-cited interpretation of LPC elicitation, the „context updating
hypothesis‟, was proposed by Duncan-Johnson and Donchin (1977) and Johnson
and Donchin (1978). They noted that LPC elicitation was associated with the
processing of novel and task-relevant stimuli, and that this information was
incorporated into the schema or neuronal model of the stimulus in a process they
termed „context updating‟. The context updating hypothesis had its roots in
Sokolov‟s (1963a) concept of the OR (Donchin et al., 1984; Polich & Criado,
2006), but today the LPC is rarely examined from an OR perspective.

1

The LPC is often referred to in the literature as the P3, P300 or P3b component. For the sake of

clarity throughout this thesis, the LPC label is used for the global response peak, and P3b to refer
to the dominant PCA-extracted parietal component.

4

Studies that have examined trials effects in the LPC report conflicting
results, with some showing evidence of response decrement to stimulus repetition
(Becker & Shapiro, 1980; Kenemans, Verbaten, Roelofs, & Slangen, 1989; Polich
& McIsaac, 1994; Verbaten, 1983; Woestenburg, Verbaten, & Slangen, 1983),
and others finding no effect (Polich, 1989; Roth, Dorato, & Kopell, 1984; Wetter,
Polich, & Murphy, 2004). Much of the data reported on the LPC has used
baseline-to-peak or area measures to quantify amplitude and latency. There is,
however, converging evidence from a large number of neurophysiological studies
that shows that more than one neural source contributes to the LPC (e.g.,
Bledowski, Prvulovis, Goebel, Zanella, & Linden, 2004; Bledowski et al., 2006;
Dien, Spencer, & Donchin, 2004; Halgren et al., 1995a, 1995b; Knight, 1996;
Simons, Graham, Miles, & Chen, 2001; Spencer, Dien, & Donchin, 1999, 2001).
There is some controversy in the literature as to how many sub-components
are involved in the LPC. The P3a is typically described as an early (250-280 ms)
fronto-central positivity elicited by infrequent stimuli differing along a single
dimension compared with standard stimuli (for example an increase or decrease in
intensity or pitch) (Johnson, 1993; Snyder & Hillyard, 1976; Squires,
Petuchowski, Wickens, & Donchin, 1977). The P3b is described as a later (340
ms) parietal positivity, elicited by all deviant events, but enhanced to stimuli in
attend compared with non-attend tasks (Spencer et al., 2001; Squires et al.,
1975a). The Novelty P3 is also described as an early fronto-central positivity
elicited by infrequent stimuli defined in terms of complexity compared with
standards and targets (Courchesne, 1983; Courchesne, Kilman, Galambos, &
Lincoln, 1984; Cycowicz & Friedman, 1998).
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There is growing consensus in the literature supporting the view that, at
least for auditory stimuli, the Novelty P3 and the P3a are the same component
(Dien et al., 2004; Polich & Comechero, 2003; Simons et al., 2001; Spencer et al.,
2001). A recent resurgence in the use of principal components analysis (PCA),
aimed at disentangling the late ERP components elicited by deviant stimuli, has
consistently shown that, for the auditory oddball task, deviant stimuli elicit both
the P3a and P3b components (Dien, Spencer, & Donchin, 2003; Goldstein,
Spencer, & Donchin, 2002; Simons et al., 2001; Spencer et al., 1999, 2001). An
additional component, the classic or late slow wave (SW), has also been shown to
temporally overlap the P3a and P3b components (Roth, Ford, & Kopell, 1978;
Ruchkin & Sutton, 1983; Spencer et al., 2001; Squires et al., 1975a, 1975b). The
LPC sub-components are comprehensively reviewed in Chapter 3. Spencer et al.
(2001) noted that elicitation of the P3b by both target and non-target deviant
stimuli is consistent with the context updating hypothesis. The functional
significance of the P3a and SW components is less clear (Dien et al., 2004).
Polich (2007) and Dien et al. (2004) recently questioned the conceptualisation
underlying a monolithic theory such as context updating, and noted that renewed
efforts are required by researchers to develop a theoretical interpretation of the
functional significance of the LPC, based on its underlying sub-components.
Barry and Rushby (2006a) recently utilised the SCR, as an OR model, to
examine the LPC in a short-ISI equivalent of a Go/NoGo task. Participants were
presented with a random mix of 15 target and 15 non-target auditory stimuli at a
short ISI. Across-subject mean SCRs showed larger responses to significant (Go)
compared with indifferent (NoGo) stimuli, and exponential response decrement
over trials, as expected from the OR perspective. Low-resolution tomography
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(LORETA) was used to explore the sources underlying the LPC. LORETA
provides three-dimensional images of brain electrical activity (Pascual-Marqui,
Lehmann, Koenig, Kochi, Merlo, Hell et al., 1999). Although source
reconstruction procedures have been criticised in regard to their degree of
localization certainty, there is accumulated evidence that suggests LORETA
compares favourably to the more classical functional imaging methods, such as
positron emission topography (PET) and functional magnetic resonance imaging
(fMRI) (Pascual-Marqui, Esslen, Kochi, & Lehmann, 2002). Pascual-Marqui
(1999) compared all published linear, distributed inverse solutions, and showed
that only LORETA was capable of correct localization (to within 1 voxel
resolution in the average), whereas all other methods were especially incapable of
localizing deep sources. Independent validation of the localization properties of
LORETA has been replicated in many other studies (e.g., Gallinat, Mulert,
Bajbouj, Herrmann, Schunter, Senkowski et al., 2002; Phillips, Rugg, & Friston,
2002a, 2002b; Yao & He, 2001).
LORETA indicated a range of sources in the mean ERPs which differed
between stimuli and at the initial trials. Major sources for the Go response in the
cuneus (Brodmann area [BA] 7), cingulate gyrus (BA31), precuneus (BA7) and
anterior prefrontal cortex (BA10), corresponded to the presence of the P3b, while
substantial frontal sources for the NoGo response in the cingulate gyrus (BA31),
cuneus (BA7) and anterior cingulate (BA32) suggested correspondence with the
P3a (Halgren et al., 1995a, 1995b). There was substantial source overlap in the
trial 1 responses, and these common sources showed exponential decrement over
trials, suggestive of the Novelty P3 in the initial response to both stimulus types.
The Novelty P3 trials effects correlated substantially with the corresponding
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SCRs. Barry and Rushby (2006a) noted that the LPC sub-components reflected
different aspects of the stimulus/context, echoing response fractionation of ANS
measures in the OR context. We speculated that future research could profitably
seek linkages between the LPC sub-components and specific preliminary
processes described in PPT. Of relevance are the cardiac responses associated
with involuntary vs. voluntary ORs (deceleration with the former (ECR1), and an
additional acceleration with the latter (ECR2)); importantly, neither of these
habituate. In contrast, respiratory pause at stimulus onset shows marked response
decrement with stimulus repetition, acting as a novelty index, but does not show
such involuntary/voluntary differences. Support for these linkages may provide a
theoretical interpretation of the LPC which can incorporate its underlying subcomponents. But this is beyond the scope of the present thesis, which aims rather
to provide the beginning of an integration of ERPs into PPT, focusing on the LPC.
Examination of ERPs in the OR context has been limited partly by
methodological differences. Traditional autonomic OR paradigms have used long
inter-stimulus-intervals (ISIs), commonly 30 – 60 s. Such ISIs are rare in CNS
studies using ERPs, which commonly use ISIs around 1 s. The paradigms usually
differ also in terms of the number of stimuli involved, because the signal-to-noise
ratio (SNR) of the ANS measures is considered to be much greater than that of the
ERP measures. Hence ANS studies have typically used single-trial estimates of
responses to a small number of stimuli, while ERP studies use response averages
over many stimulus presentations, particularly impacting examination of stimulus
novelty effects. This thesis aims to integrate these two research streams in order
to further our understanding of the relationships linking ANS and ERP measures
during elicitation of the OR. The primary aim was to determine if the LPC of the
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ERP shows a stimulus-response pattern analogous to that of the SCR, used as a
“yard-stick” of the OR. Three different paradigms were used to systematically
examine any relationships between measures. The first examined stimulus
response patterns from the ANS tradition, the second incorporated methodology
from both the ANS and ERP traditions, and the third utilised methodology from
the ERP tradition. Each of the three paradigms is described in Chapter 4. For
each paradigm examined, principal components analysis (PCA) was utilised to
decompose the LPC into its sub-components. The LPC sub-components were
expected to show response fractionation compatible with the involuntary and
voluntary processes indexed by ANS measures in PPT.
In addition, the thesis provides a preliminary investigation of the ERP
correlates of the tonic OR. Sokolov distinguished between ORs based on their
duration: “phasic” refers to the rapid, short-lasting response, while “tonic” refers
to the slower, longer-lasting state changes commonly associated with levels of
arousal/activation (Barham & Boersma, 1975; Barry, 2004; Barry & Sokolov,
1993; Barry, Clarke, McCarthy, Selikowitz, & Rushby, 2005). Sokolov (1963a)
believed that the tonic reflex has an important role in OR elicitation through its
association with general arousal, which amplifies the phasic reflex produced in the
stimulus-comparator mechanism. Groves and Thompson (1970) proposed an
alternative theory of response habituation, in which the phasic OR magnitude is
the result of two hypothetical processes: sensitisation (S – an incremental
(activating) state process) and habituation (H – a decremental pathways process),
that are triggered simultaneously by the stimulus event. Barry and Sokolov
(1993) examined phasic and tonic measures of electrodermal activity in a simple
habituation paradigm. Pre-stimulus SCLs were taken as measures of arousal
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existing at each stimulus presentation, and post-stimulus SCRs were taken as
indices of the phasic OR. SCL showed evidence of an initial increase in arousal
after the first stimulus in the series, reflective of the S process from Groves and
Thompson (1970), followed by a systematic decline with stimulus repetition,
compatible with the arousal/tonic OR aspects of Sokolov‟s theory. Response
decrement was shown for the SCR, and this pattern remained after the arousal
effects were removed by linear regression, suggesting that the process was
independent of arousal changes. This was noted as “consonant with the
conceptualisation of arousal as an amplifying factor in response evocation, serving
only to modulate the stimulus-response reflex” (p. 42). These findings were
replicated in a follow-up study that included a stimulus significance group (Barry,
2004). After adjusting for arousal effects at each stimulus presentation, additional
significance effects were apparent. Neither Soklovian theory nor dual process
theory have a mechanism that can account for these additional significance
effects. Barry (2004) noted however that these effects were expected from
Maltzman‟s (1979a, 1979b, 1990) cortical set theory (reviewed in Chapter 2),
which was included in PPT (Barry, 1996). Barry (1996) had also formally
included arousal as a state variable within an updated structure of PPT.
Sensitisation effects shown after an initial novel stimulus (Barry, 2004;
Barry & Sokolov, 1993) suggest that sensitisation will also occur after a novel
change trial, but this has never been examined. Hence the thesis extended this
work by examining changes in arousal to both the initial stimulus and a change
stimulus. Their effects on the phasic SCR-ORs were also examined. The
contingent negative variation (CNV) is a pre-stimulus negative shift in cortical
activity, that has been suggested as a measure of cortical arousal, related to
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anticipatory attention, preparation, motivation and information processing (Tecce,
1972). The CNV, however, is rarely compared with autonomic measures of
arousal, and has never been examined in a traditional OR context (see Chapter 3
for a review). The current work thus examined the CNV as a possible ERP
correlate of the tonic OR.
A large number of ERP components have been suggested as possible CNS
correlates of the OR, e.g. N1 (Kenemans et al., 1989; Näätänen & Picton, 1987),
N2 (Näätänen & Gaillard, 1983; Sokolov, Spinks, Näätänen, & Lyytinen, 2002),
slow wave (Zimmer, 2002), P300 (Donchin et al. 1984), P3a (Squires et al.,
1975a), and Novelty P3 (Courchesne et al., 1975), but they are rarely compared
with ANS measures. Each of the early ERP components (P1, N1, P2, N2) are
reviewed in Chapter 3. In addition to the LPC, the stimulus-response patterns for
each of the early ERP components were compared with the SCR OR-yardstick in
Study 1 (Chapter 5).

1.2

Overview of Studies
Five studies are presented in this thesis, designed to systematically examine

the effects of three core determinants of the OR – the novelty or newness of the
stimulus, its intensity, and significance.
Study 1 (Chapter 5) examined two phasic ANS measures, SCRs and evoked
cardiac responses (ECRs), in a variation of the traditional long-ISI habituation
paradigm. Twenty two participants were presented with 12 presentations of a
brief 80 dB auditory tone at 2 minute intervals, as a signal to alternately close or
open their eyes. The SCRs showed evidence of response decrement to stimulus
repetition. A biphasic HR response was elicited, consisting of an initial
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deceleration (ECR1) followed by a subsequent acceleration (ECR2), as expected
for significant stimuli. There was no evidence of response decrement for either
HR component. Robust single-trial ERPs were obtained for each participant, for
each of the 12 stimulus presentations. Baseline-to-peak measures were obtained
for the P1, N1, P2, N2 and LPC components. None of the baseline-to-peak ERP
measures showed trials effects comparable with the marked decrement over trials
shown by the SCRs. The situation was clarified using PCA to decompose the
ERP. Four extracted factors were identified as the N1, N2, P3a and P3b
components. No trials effects were apparent for any of these components. An
additional positive component was found to contribute to the LPC, that differed by
latency, topography and stimulus-response pattern from the P3a and P3b subcomponents. Like the SCR OR-yardstick, this component showed marked
response decrement over trials. These data supported Barry and Rushby‟s (2006a)
data, in which an additional component, labelled the Novelty P3, contributed to
the LPC to the initial stimulus presentation.
Stimulus-response patterns for the earlier ERP components (P1, N1, P2 and
N2) showed that none were analogous to the SCR OR-yardstick. This was
apparent for both the baseline-to-peak measures and the PCA-derived
components. Therefore, these components were not examined further in the
subsequent studies. Suggestions for future research, aimed at the placement of
these early components within PPT, are considered in the General Discussion
(Chapter 10).
Contrary to expectations, the LPC‟s stimulus-response pattern was not
analogous to the SCR OR-yardstick. The PCA suggested that three phasic
positivities contributed to the LPC, corresponding to the P3a, P3b and the Novelty
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P3 components reported in Barry and Rushby (2006a). Of these three
components, only one, the Novelty P3, showed evidence of response decrement.
Stimulus-response patterns for the P3a and P3b components were compatible with
those shown by the ECR1 and ECR2, however a very simple stimulus-response
outcome was examined in Study 1. These data provide preliminary support for
Barry and Rushby‟s (2006a) speculation, that the LPC sub-components will show
stimulus response patterns compatible with the fractionation of autonomic
measures described in PPT, but this needs further support in a variety of tasks.
The four subsequent studies in this thesis focused upon comparing the SCR
stimulus-response pattern with the LPC and its PCA-extracted components. The
sensitivity of each measure to stimulus intensity and significance, other stimulus
dimensions important in the OR context, was also examined.
The so-called “ERP dishabituation paradigm” (Groves & Thompson, 1970)
was utilised to compare stimulus-response patterns from the SCR and LPC in
Studies 2 and 3 (Chapters 6 and 7). The ERP-style dishabituation paradigm is
similar to the ANS dishabituation paradigm described earlier, but in order to
examine novelty effects in ERP averages, 15 presentations (trains) of the stimulus
sequence were presented instead of the single sequence common in the ANS
tradition. Each train consisted of five presentations of S1, one presentation of S2,
and one re-presentation of S1. There is a large body of evidence showing that the
amplitude of the LPC increases linearly with longer inter-stimulus intervals
(Duncan-Johnson & Donchin, 1977; Johnson & Donchin, 1982) and longer targetto-target intervals (Croft, Gonsalvez, Gabriel, & Barry, 2003; Gonsalvez, Barry,
Rushby, & Polich, 2007; Gonsalvez, Gordon, Grayson, Barry, Lazzaro, &
Bahramali, 1999), and that this effect partly may be due to
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fatigue/neurotransmitter depletion/refractoriness, particularly for shorter intervals
< 6s (Polich, 1990). In order to avoid these effects, a fixed inter-stimulus interval
of 8 s, and a fixed inter-train interval of 30 s was utilised for this study. SCRs and
ERPs were averaged across trials, i.e. according to stimulus position in the train.
Seventy-two participants were alternately assigned to two conditions, in which the
change tone was either an increment or a decrement in intensity. Within these,
alternate subjects were instructed that they were to button press (BP) to the change
tone, or that they could relax and ignore the tones (non-button press – NBP),
forming four separate groups. In order to examine the feasibility of over-train
averaging in the SCR OR-yardstick, Study 2 (Chapter 6) compared SCRs from the
first stimulus train presented with the across-train averages. Correlations between
response patterns in the first train and the across-train averages were substantial,
indicating that the paradigm was suitable for extending beyond the initial train and
exploring the ERP correlates of the OR using the template of the across-trains
averages.
Stimulus response patterns for the LPC baseline-to-peak measures, and the
PCA-extracted sub-components, were compared with the SCR in Study 3
(Chapter 7). In contrast to Study 1, the baseline-to-peak LPC measure showed a
stimulus-response pattern similar to that of the SCR. The PCA suggested that
four separate components, identified as the P3a, P3b, Novelty P3, and the late
slow wave, were present in the LPC, which were differentially related to the SCR
model OR. The P3a primarily reflected exogenous stimulus factors, in this case,
intensity. The P3b also reflected intensity, but was further modulated if the
stimulus context was made significant by instructions to attend. Of the other LPC
components, the Novelty P3 strongly reflected only novelty. The posterior
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positive SW component showed some of the formal requirements of an OR index,
reflecting differences in novelty and significance, but not intensity.
For Study 4 (Chapter 8) the SCR was again utilised as the stimulus-response
OR-yardstick, and compared with the LPC and its sub-components in a standard
two-tone auditory oddball task, with a deviant probability of 15 %. Forty-eight
participants were alternately assigned to two conditions, in which the deviant tone
was either an increment or a decrement in intensity. Within these, alternate
subjects were instructed that they were to button press (BP) to the change tone, or
could relax and ignore the tones (non-button press – NBP), forming four separate
groups. The SCRs and baseline-to-peak LPC measures showed stimulus intensity
and significance effects analogous to those reported in Studies 2 and 3. The PCA
again suggested that four separate components, the P3a, P3b, Novelty P3, and the
late slow wave, contributed to the LPC. Stimulus-response patterns for the subcomponents were found to be similar to those described in Study 3.
The studies presented in this thesis failed to support a direct correlation
between the SCR OR-yardstick and the LPC of the ERP. The present data
suggested that the stimulus-response pattern of the LPC is strongly determined by
the patterning of the underlying sub-components, and that as a single (baseline-topeak) measure, the LPC represents the summation of several distinct components,
each differentially defined by latency, scalp distribution and reaction to
experimental variables (c.f. Donchin, Ritter, & McCallum, 1978). The LPC subcomponents reflected different aspects of the stimulus/context, echoing response
fractionation of ANS measures in the OR context. The placement of the LPC subcomponents within PPT is discussed in Chapter 10.
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Study 5 (Chapter 9) compared the pre-stimulus CNV with pre-stimulus
changes in arousal, indexed by the SCL, in the ERP-dishabituation paradigm
utilised in Study 3. The ERP-dishabituation paradigm differs from the traditional
single-train ANS paradigm, in that the stimulus train becomes predictable over
time. This leads to the development of the pre-stimulus CNV in this paradigm,
c.f. the typical development during the anticipatory period between the warning
(S1) and imperative (S2) stimulus, in the warned reaction time task. SCLs
showed evidence of sensitisation, i.e. an increase after the first stimulus
presentation, followed by a decrement over trials 2-6. Sensitisation after the
change trial occurred only following the loud tone. Sensitisation effects were
weak in the CNV, which appeared to reflect an expectancy effect, developing
prior to the change trial. These differences were reflected in a relatively low
correlation between CNV and SCL. Implications for the placement of the CNV
within PPT are discussed in Chapter 10.
The studies presented in this thesis further links between traditional ANS
measures and their CNS correlates in the OR context. The data from this thesis
suggest that the integration of ERPs within the PPT framework will provide
heuristic value in making predictions about stimulus-response patterns that
underlie the separate components of the ERP. In this process, it may also allow an
expansion of OR theory.
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CHAPTER 2 :

THE ORIENTING REFLEX
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2.1

Classical Theory
The concept of the orienting reflex (OR) was introduced by Pavlov (1927)

to describe the reflex that brings about an immediate response (both behavioural
and physiological) to the slightest change in the environment. Pavlov‟s initial
observations have provided a major unifying theme in psychophysiology, both in
terms of a description of OR determinants and attempts at theoretical
systematisations in relation to attentional processing. Conceptualised as a marker
of the subject‟s involuntary attention to a novel stimulus, the OR‟s historical
development has provided a data base which can serve as a model of phasic
responsiveness to innocuous stimuli in general, as well as a map of the early
development of cognitive psychophysiology (Barry, 1996).
Classic notions of the psychophysiology of the OR arose from the work of
E.N. Sokolov (1960, 1963a, 1963b). Sokolov defined the OR as a complex of
physiological and behavioural responses that function to optimise perception and
processing of stimuli. Sokolov (1963b) proposed three special criteria for
distinguishing components of the OR from other unconditioned reflexes: “(a)
Nonspecificity with regard to the quality of the stimulus. (b) Nonspecificity with
regard to the intensity of the stimulus. (c) Selectivity of extinction of various
properties of the stimulus with repeated presentation” (p. 546). Sokolov reported
that a number of behavioural and autonomic measures co-varied in the extensive,
organismic response – the phasic OR – elicited as stimulus parameters were
varied. Sokolov‟s mechanism involves a neuronal model and a stimulus
comparator. According to comparator theory, a stimulus is compared with a
cortical neuronal model of the stimulus developed during previous presentations
(Sokolov, 1963a). The magnitude of the OR elicited shows a direct relationship
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with the discrepancy between the stimulus and its neuronal model. From this
perspective, the first presentation of a stimulus occurs in a context where there is
no model, and thus a large OR is generated. Repeated presentations are reflected
in response decrement/habituation. When a new (novel) stimulus is introduced
the magnitude of the OR is again enhanced. In order to establish that response
decrement represents habituation and is not the result of other factors such as
fatigue or refractory period effects, it is necessary to demonstrate response
recovery and dishabituation (Thompson, Berry, Rinaldi, & Berger, 1979). For
example, response recovery is demonstrated by an increase in response magnitude
when a change stimulus is interpolated within a series of repetitive stimuli
(García-Austt, Bogacz, & Vanzulli, 1964; Webster, Dunlop, & Simons, 1965).
Dishabituation is demonstrated if response magnitude increases to re-presentation
of the standard stimulus, relative to the standard preceding the deviant (for
examples see Barry & James, 1981; García-Austt et al., 1964; Groves &
Thompson, 1970; Siddle & Packer 1987; Simons, Rockstroh, Elbert, Firito,
Lutzenburger, & Birbaumer, 1987; Webster et al., 1965). In the moderate range
of innocuous stimulus intensities, the magnitude of the OR is linearly related to
stimulus intensity (Barry, 1975; Barry & Furedy, 1993; Barry & James, 1981a;
Jackson, 1974). As the intensity of the stimulus is increased, so too is the
magnitude of the elicited OR. At very high intensities, over approx. 90 dB, the
defence reflex (DR) is elicited. Conversely, at low intensities near threshold level,
Sokolov claimed a noticeable increase in OR magnitude, but this has not been
widely supported. Additionally, stimulus significance effects are evident when a
stimulus has outcomes beyond those associated with the physical characteristics
of the stimulus. For example, stimuli become significant to the subject when s/he
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is asked to count or respond, and result in a larger OR (Barry, 1982a, 1982b,
2004; Germana, 1968; Sokolov, 1963a).
Sokolov‟s unitary conception of the OR implied that all components
(behavioural, autonomic and electrophysiological) respond in a comparable
manner toward variations in novelty, intensity, and stimulus significance. Among
these components, Sokolov (1963a, 1963b) included interruption of ongoing
behaviour, turning of the sense organs toward the source of the stimulus, an
increase in electrodermal activity (now defined as the skin conductance response –
SCR), respiratory arrest, peripheral vasoconstriction, cephalic vasodilation, pupil
dilation, and one central measure, EEG alpha desynchronisation.
The description of the unitary nature of the OR contributed to its substantial
impact on Western psychophysiology in the 1960s, as it promised a unifying
interpretation of a variety of perceptual, conditioning, and attentional response
processes. A large body of research quickly followed, examining the unitary
nature of this reflex. Rather than suggesting a unitary response pattern, the
majority of evidence showed only moderate inter-correlations for the autonomic
indices associated with the OR (e.g., Barry, 1977a, 1977b, 1978, 1979, 1982a,
1982b; Barry & James, 1981; Furedy, 1968; Maltzman et al., 1979; Ray et al.,
1977; Siddle & Heron, 1977).

2.2

Fractionation of OR Measures
In a series of studies aimed at systematically examining the unitary nature of

the OR, Barry (1977a, 1977b, 1978) examined the stimulus-response patterns for
EEG alpha desynchronisation, respiratory pause (RESP), peripheral pulse
amplitude response (PPAR) (evident as vasoconstriction), cephalic pulse
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amplitude response (CPAR) (evident as vasodilation), galvanic skin resistance
response (GSR) and changes in heart rate (HR) in a simple habituation paradigm.
Participants were presented with cycles of innocuous tones (20, 30, 40 and 50 db
SPL), each of 2 s duration, with a random inter-stimulus interval (ISI) ranging
from 20 s to 100s. Each participant received a different one of the 24 (four
factorial = 4 x 3 x 2 x 1) possible orderings, which was presented 8 times. In line
with expectations from the unitary model, each of the measures examined showed
a substantial phasic response to the first stimulus cycle presented. However, when
examined over the whole stimulus context, difficulties with the unitary concept
became apparent. Three of the measures, EEG alpha desynchronisation, RESP,
and the GSR, showed response decrement over stimulus repetitions, but the others
did not. In regard to the manipulation of stimulus intensity, two of the measures,
PPAR and GSR, showed a direct relationship, but no relationship was shown in
the other measures. In addition, Barry (1978) noted that instructions to button
press to each stimulus resulted in a change in the nature of the HR response from
a deceleration to an acceleration. Sokolov (1961) did not include the HR response
as a component of the OR, however, because Barry showed it occurred with the
OR, it was subsequently conceptualised in PPT as a correlate of the initial
stimulus processing which may lead to an OR. These results clearly did not
support Sokolov‟s unitary concept of the OR.
In order to fit some structure to the consistent stimulus-response patterns
obtained, Barry (1979) used factor analysis to summarise the data from the three
previous studies. Three factors accounted for most of the variance of the data.
The first two factors independently reflected 1. the processing of stimulus
intensity, indexed by PPAR and the GSR, and 2. the processing of stimulus
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novelty, indexed by EEG alpha desynchronisation and RESP. HR deceleration
and CPAR were independent of these processes, being uniformly elicited by all
stimuli. This third factor was considered to represent the processing of stimulus
registration and thus considered to precede the processing of intensity and
novelty.
Barry continued to explore ANS measures of the OR, finding consistent
support for response fractionation in the different measures. Barry and James
(1981a, 1981b), and James and Barry (1980) extended the simple habituation
paradigm examined in earlier studies into the dishabituation paradigm, in which a
habituation stimulus (S1) is presented for a series of trials, during which a
different stimulus (S2) is interpolated. In line with basic comparator views, a
component is seen as a reflection of OR elicitation if is exhibits response
decrement to repetitions of S1, response recovery of the habituated OR to the
novel S2, and enhanced responding (dishabituation) to re-presentation of S1. Data
from these studies largely confirmed Barry‟s previous findings, but suggested that
the GSR was better accommodated by a fourth processing system that reflected
both intensity and novelty effects. An additional response system was also
included, that was apparent in the acceleratory HR response following the initial
deceleration, whenever a behavioural response was involved in the task.

2.3

Preliminary Process Theory
The reliability of the different stimulus-response relationships observed led

Barry to propose an alternative, sequential processing model of OR elicitation and
habituation, based upon the observed fractionation of phasic responses in the OR
context, subsequently developed as „Preliminary Process Theory‟ (PPT), and first
published in 1981. In this model three preliminary stages of stimulus processing
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lead to OR elicitation and innervate various physiological measures separately
rather than in Sokolov‟s unitary fashion. The initial processing stage is triggered
by the stimulus event and functions on an all-or-none basis regardless of the
parameters of the stimulus. Its triggering indicates that the organism has detected
or registered the stimulus, although this does not imply conscious awareness.
This begins the sequential processing of the stimulus characteristics and is
reflected in the CPAR (vasodilation) and cardiac deceleration, labelled ECR1 (the
first evoked cardiac response to the event). The output of this stage triggers the
processing, in parallel, of stimulus novelty and magnitude. These properties,
according to the theory, are coded separately, but in an unspecified temporal
order. The processing of stimulus novelty (i.e. its newness) is separately reflected
in EEG alpha desynchronisation and RESP, while the extent of stimulus
magnitude processing is apparent in the PPAR. These preliminary processes
interact to generate Sokolov‟s traditional OR. At this point the GSR (now
renamed as the skin conductance response (SCR)) was the sole physiological
response measure which unequivocally behaved as an indicator of the OR.
There was no underlying mechanism to account for the elicitation and
habituation of the different measures in the initial structure of PPT, as only one
ANS measure – GSR – from the six ANS and CNS measures examined, could be
accounted for by Sokolov‟s neuronal model and stimulus comparator process.
Over a number of years, the model was tested and refined using a large number of
different stimulus parameters and conditions. The first major change to PPT‟s
theoretical structure was the inclusion of an alternate theory of OR elicitation, the
„dual-process theory‟ proposed by Groves and Thompson (1970). In dual-process
theory, the magnitude of a phasic response is the result of two hypothetical
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processes, habituation (H) and sensitisation (S). H is a decremental process which
develops in the specific neural pathways involved in processing a particular
stimulus, and S is a short-lived incremental or activating state process, sensitive to
stimulus intensity. Outcomes of these processes interact to determine the reflex
magnitude. Although this theory has been specifically applied to the OR field
(Thompson et al. 1979), it has not figured prominently in its own right in
subsequent OR research. Barry and James (1981) noted parallels between S and
PPAR, and between H and RESP and EEG. Since dual-process theory could
account for two additional stimulus-response patterns that were not
accommodated by Sokolov‟s unitary model, it was included as the OR mechanism
in PPT. The model conceptualised in Barry and James (1981b) is illustrated in
Figure 2.1.

Figure 2-1. An early expression of PPT, after the GSR was recognised as an OR indicator, with
three preliminary processes providing input to OR mechanism (based on Groves and Thompson‟s
dual-process mechanism). In this and subsequent schematics, processing systems are shown in
closed boxes and physiological outcomes are shown in dashed boxes. Abbreviations used: HR
decel = heart rate deceleration (also referred to as ECR1); CVD = cephalic vasodilation (CPAR);
Resp = respiratory pause; EEG = alpha desynchronisation; GSR = the phasic electrodermal
response (skin conductance response, SCR); PVC = peripheral vasoconstriction (PPAR); HR accel
= heart rate acceleration (ECR2). Adapted from Barry (2006).
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2.3.1

Cortical Set
Although Preliminary Process Theory could account for a large range of

stimulus response relationships, there was also emerging evidence of stimulusresponse patterns that could not be accounted for. The first of these was in regard
to stimulus significance effects. Sokolov (1963a) reported that when stimuli were
made significant to the subject in some way, for example, if a particular stimulus
was a signal for an upcoming event, the OR was enhanced, and slower to
habituate compared with non-signal environments. However, Sokolov did not
provide a mechanism for significance effects. Barry (2006) noted that Sokolov‟s
introduction of significance effects could be identified as another theoretical
generalisation, similar to that of the “unitary” nature of the OR. Groves and
Thompson‟s Dual-Process Theory is a simple reflexive input-output theory, and
could not accommodate such significance effects. So the version of PPT shown in
Figure 2.1 also had no theoretical mechanism to account for the observed
significance effects.
In Barry (1982a), a steering mechanism to accommodate significance effects
was incorporated into PPT. Maltzman (1977) had speculated that OR elicitation
may result from the subject‟s self generated cortical processes. Maltzman (1977,
1979a, 1979b) proposed a distinction between voluntary ORs, elicited by cortical
activity involved in learning, conditioning etc. (i.e. psychological variables), and
involuntary ORs, that are reflexively dependent upon stimulus parameters. The
voluntary OR depended on the significance of the stimulus to the subject, as
reflected in changed cortical set. “Cortical set came from the older psychological
notion of „set‟ as a preparatory enhancement and selection process associated with
prior instructions or learning, and operationalised/physiologically based in terms
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of the patterned brain activity of the dominant focus” (Barry, 2006, p. 358).
Maltzman, Langdon, Pendery and Wolff (1977) hypothesised that hemispheric
specialization may provide a neuro-psychological basis for the distinction between
the two types of OR. Left hemisphere activity was suggested as the mediator of
voluntary ORs, while right hemisphere activity was considered to give rise to the
involuntary OR. Distinctions are not hard and fast – predisposing sets,
anticipations of what may occur, and various attitudes, all of which are complex
processes, may also modulate the OR to novelty (Maltzman, 1979a, 1979b; Polich
& Criado, 2006). Thus the voluntary OR reflects participant‟s thoughts and
emotions, in addition to task-related activities, and might be expected to vary
between participants if not experimentally controlled.
Support for the addition of „cortical set‟ as a steering mechanism for
significance effects was shown in Barry (1984a). While most studies report
evidence of response recovery to a change in stimulation, a few reports suggest
that response recovery can be dependent upon stimulus significance. For
example, an insignificant change in stimulation (Furedy, 1968; Maltzman &
Mandell, 1968), or omitting the stimulus altogether (Barry, 1984a; Bernstein,
1969; Siddle, Lipp, & Dall, 1997) does not always result in a mismatch response.
Barry (1984a) suggested that the missing stimulus effect, which varied between
subjects, involved a significance effect which could be accommodated in PPT.
He hypothesised that when the missing stimulus effect occurred, subjects were
aware of the omission, whereas those who did not notice the omission, or attach
any significance to it, did not generate an OR. Barry noted that this was a testable
hypothesis, and suggested that generation of the OR to complete omission
includes processes additional to the involuntary OR elicited by the regularly
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presented stimuli. Barry and O‟Gorman (1987) examined this hypothesis in two
studies that varied the significance of the physical stimulus. As predicted they
found that the voluntary OR to omitted stimuli had a longer latency compared
with the involuntary OR to the regular physical stimulus, supporting their
suggestion that the voluntary OR involves additional eliciting processes.
That study supported the inclusion of a steering mechanism for significance
effects, however significance as a notion is a fairly ubiquitous concept, as noted
by Maltzman, and there are no hard and fast distinctions as to what constitutes
significance (i.e. attention, novelty, signal value, vigilance, intensity, complexity,
difficulty, reward, association). Barry and O‟Gorman (1987) used only the SCR
as the OR-yardstick for their study, so the patterning of other ANS measures was
not clarified. At that stage cortical set was indexed by augmentation of the SCR;
how this effect occurred, in the sequential processing sense of the involuntary OR
described by PPT, was unclear, and suggested that further research, separating
facets of significance was warranted.
One of the first preliminary processes in OR elicitation revealed by Barry
(1977a, 1977b), was the occurrence of a brief HR deceleration after each stimulus
presentation. This change in HR does not diminish/habituate to stimulus
repetition, and was incorporated into PPT as an index of stimulus registration.
Supporting evidence for this phenomenon was reported by Lacey and Lacey
(1977, 1978, 1980), who showed that presentation of a brief auditory tone caused
a prolongation of the cardiac cycle in which it was presented, and the cycle that
followed. Lacey and Lacey (1980) identified this HR patterning as a vagallymediated primary (reflexive) bradycardia, describing it as “an index of an early
process of stimulus-registration by the nervous system” (p. 22). Barry (1983,
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1984b, 1984c, 1984d, 1986) confirmed that the Laceys‟ primary bradycardia and
the phasic HR deceleration were aspects of the same process. Further empirical
evidence showing that cardiac-cycle effects were trivial correlates of HR
deceleration, from studies by Velden, Barry and Wölk (1987) and Zimmerman,
Velden and Wölk (1991), provide a strong basis for Barry‟s (2006) view that
“stimulus onset elicits a primary bradycardia/evoked cardiac deceleration which,
as embodied in PPT from its inception, serves as an index of an early process of
stimulus registration or transient detection” (p. 360).
Barry (1984c, 1986) also noted that an additional cardiac response
component (ECR2), of HR acceleration, was evoked subsequent to the
decelerative ECR1, when stimuli are made significant in some way to participants,
such as by instructions to respond to (button-press) or silently count the stimuli.
Barry examined manipulations of pre-stimulus vigilance (Barry & Mitchell, 1986)
and post-stimulus signal value (Barry, 1981, 1982b, 1988) on the GSR and the
ECR. Both manipulations changed the magnitude of the GSR, but HR
deceleration was only affected by the vigilance manipulation. These data
provided further support for the fractionation of putative measures of significance,
and the differential timing of their effects. Barry (1993) suggested the ECR1 and
ECR2 can be broadly classified as paralleling indices of Lacey‟s (1967) stimulus
intake/rejection hypothesis, although the ECRs reflect phasic reactions, which
differ in duration from the more slowly changing tonic effects reported by Lacey
(1967). Lacey suggested that increases shown for HR and SCL in arithmetic tasks
involved internal cognitive processing and required rejection of external stimuli,
whereas SCL increases and HR decreases in vigilance tasks was due to
preparation for stimulus intake (Lacey, 1967). In the context of this early
28

research, changes in both measures were viewed as changes in arousal (Lacey,
1967; Lacey & Lacey, 1970). Tremayne and Barry (2001) examined SCL and HR
prior to trigger-pull in elite shooters. The best shots were associated with a preshot reduction in HR, but there was no correlation between performance and SCL.
These differences were interpreted as reflecting the fractionation of putative
measures of arousal, and suggest that, while SCL changes may reflect arousal per
se, HR changes appear to reflect vigilance performance during a task. Barry
(2006) noted that these effects interleave with Maltzman‟s cortical set, and
provide a tonic component of the voluntary OR within PPT. This mechanism has
prestimulus effects for vigilance manipulations, and post-identification effects for
signal value manipulations. These studies suggested the need for further
clarification of the putative correlates of arousal.
2.3.2

Arousal
Barry (1996) formally included arousal as a state variable within an updated

structure of PPT. Barry et al. (2005) noted that the arousal concept has had a
checkered history in psychophysiology, and that little evidence of its widespread
use in theory development is available. They suggested that this is in part due a
lack of co-variance amongst ANS tonic measures (e.g. Croft, Gonsalvez, Gander,
Lechem, & Barry, 2004). Duffy (1962) and Malmo (1959) first proposed a link
between performance and arousal/activation level. There are several hypotheses
describing the arousal/performance relationship, among them the inverted-U
hypothesis of optimal state, which is commonly applied in sport psychology (e.g.,
Anshel, 2003). There is some inconsistency in the literature in defining the
constructs of arousal and activation, which have often been used interchangeably.
Various terminologies that have been used to describe states of attentiveness in
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the CNS include arousal, alertness, vigilance, and attention. As most terms are
used extensively with diverse associations, it seems that none are ideal to describe
these cortical states (Oken, Salinsky, & Elsas, 2006).
In order to clarify indices of arousal, Barry commenced an incremental
approach to examining individual purported ANS indices of state changes,
commencing with skin conductance level (SCL). SCL has had a long history of
use as an index of CNS arousal (e.g., Lykken & Venables, 1971; Raskin, 1973).
For example, in the developmental study of psychopathology, high levels of
electrodermal arousal have been found to predict later schizotypal behaviours
(Raine, Venables, Mednick, & Mellingen, 2002), while low levels predict
antisocial outcomes (Raine, Venables, & Williams, 1990, 1995; Raine, Lencz,
Bihrle, LaCasse, & Colletti, 2000). Lawrence, Barry, Clarke, Johnstone,
McCarthy, Selikowitz et al. (2005) examined the effects of Methylphenidate
stimulant medication on behavioural, ANS and CNS measures in children with
AD/HD. They found that SCL was lower in children with attention
deficit/hyperactivity disorder (AD/HD) than controls, and that this difference was
ameliorated after medication, supporting the hypoarousal model of AD/HD
(Satterfield & Cantwell, 1974). In a study with normal children, Barry et al.
(2004) showed that resting SCL was inversely related to alpha power in the
simultaneous eyes-closed EEG, and directly related to alpha frequency. Studies
using functional imaging techniques (e.g., Critchley, Melmed, Featherstone,
Mathias, & Dolan, 2001, 2002; Nagai, Critchley, Featherstone, Trimble, & Dolan,
2004) have related the generation and level of electrodermal activity to specific
brain areas. These specific regions are the ventromedial prefrontal cortex,
orbitofrontal cortex, left primary motor cortex, and the anterior and posterior
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cingulate, which have been shown to be associated with emotional and
motivational behaviours (Critchley, 2002; Damasio, 1994; Fredrickson, Furmark,
Olsson, Fischer, Andersson, & Langstroem, 1998; Nagai et al., 2004). Such
findings indicate the close association of peripheral and central measures of
arousal, and re-emphasise the close connections between electrodermal activity,
arousal, attention, cognition and emotion, and encourage the clarification of these
linkages.
Although Sokolov noted that the tonic OR would also be expected to
habituate, there has been very little examination of trials effects in tonic measures.
Barry and Sokolov (1993) examined the role of the tonic OR in modulating the
phasic OR, during a simple habituation paradigm. Subjects were presented with a
series of repetitive stimuli, which had no task requirements associated with them
(termed indifferent in traditional OR terms). Pre-stimulus SCLs were taken as
measures of arousal existing at each stimulus presentation, and post-stimulus
SCRs were taken as indices of the phasic OR. Pre-stimulus SCL showed evidence
of an initial increase in arousal level (sensitisation) after the first stimulus in the
series, followed by a systematic decline with stimulus repetition. Barry and
Sokolov (1993) showed response decrement for the SCR, and that this response
pattern remained after the arousal effects were removed by linear regression,
suggesting that habituation was independent of arousal changes. This was noted
as “consonant with the conceptualisation of arousal as an amplifying factor in
response evocation, serving only to modulate the stimulus-response reflex” (p.
42). Sensitisation was originally described as a hypothetical process in dualprocess theory (Thompson et al., 1979) and subsequently incorporated into
Preliminary Process Theory as part of the phasic-OR mechanism, but it was later
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formally noted that it could accommodate tonic aspects of the OR to indifferent
stimuli (Barry, 1996).
In a follow-up to the Barry and Sokolov (1993) study, those data were
replicated and extended by including a stimulus significance group, which had to
silently count the stimuli for reporting at the end of the series (Barry, 2004).
Results for the indifferent group replicated Barry and Sokolov (1993), but marked
differences were shown for the stimulus significance group. The largest
differences were attributable to differences in arousal. Rather than observing an
initial increase in arousal followed by the systematic decrement noted with
indifferent stimuli, the stimulus significance group showed an increase in arousal
which continued over successive trials. In terms of the phasic OR, signs of
marked habituation were evident, but for the first couple of trials (after adjustment
for the initial non-significant arousal difference between the groups) SCRs were
significantly larger, and habituation was reduced compared with indifferent
stimuli. The results for indifferent stimuli could be accommodated both by
Sokolov‟s model and dual-process theory, as each views arousal as an amplifier of
physiological response magnitude. Neither model however, includes a
mechanism to account for the additional stimulus significance effects apparent in
the phasic SCRs. However, Barry (2004) noted that the significance effects were
as expected from Maltzman‟s Cortical Set Theory, further illustrating how PPT
could accommodate the complete data set.
2.3.3

Arousal and Activation
Pribram and McGuiness (1975, 1992), proposed a distinction between

“arousal”, defined as the current energetic state, and “activation”, defined as the
task-related mobilization of arousal. They suggested that these concepts may be
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reflected by different neural substrates. Barry et al. (2005) recently examined this
conceptualisation using a continuous performance task (CPT), together with
resting baseline periods, in a group of child (8 – 12 years) participants. The
particular CPT paradigm used was designed to evaluate attention (vigilance) and
response inhibition, particularly in children with AD/HD (Gordon, 1986). The
digits 0 to 9 were randomly presented to participants via a computer monitor, with
a fixed ISI of 800 ms. Participants were instructed to respond with a button-press
whenever the digit 9 immediately followed a 1. SCL was taken as the measure of
arousal, and was specific to the time of SCL measurement; either resting (i.e.
baseline), or activated in the task. Task-related activation was defined as the
change in SCL from baseline to task. Barry et al. (2005) examined effects of
arousal and activation upon the magnitude of the phasic OR, indexed by the SCR,
and on behavioural measures, indexed by response-times and performance scores.
The phasic SCR (OR) amplitude was dependent upon arousal, but not activation.
Performance measures (response-times and number of errors) improved with
increasing activation, but not with arousal level. These results were recently
replicated with a group of adult participants (VaezMousavi, Barry, Rushby, &
Clarke, 2007a). A follow study using an across-subjects examination showed
further support at the individual level for these results (VaezMousavi, Barry,
Rushby, & Clarke, 2007b), supporting earlier suggestions that arousal and
activation can be conceptualised as reflecting independent state changes.
These data supported the conceptualisation of arousal and activation as
separable aspects of the energetics of physiological and behavioural responding
(Barry, 2006). The cortical set mechanism in PPT was clarified to include a
vigilance system at the executive level. This system is indexed directly by tonic
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HR (and pupil diameter, not discussed here). The restructured model of PPT is
illustrated in Figure 2 (from Barry, 2006).

Figure 2-2. A recent model of Preliminary Process Theory from Barry (2006). While the
preliminary processes of previous versions remain apparent, the cortical set mechanism has been
clarified to include a vigilance system at the executive level, which can set up a temporary feature
matching system for a particular task. An arousal system has been explicitly included. State
measures are shown in circles. Additional abbreviations used: HR = heart rate level; PD = pupil
diameter; PDR = pupil dilation response; SCL = skin conductance level.

2.4

Summary
ANS measures in the OR context are able to be linked to survival (fight-

flight) and adaptation (learning) mechanisms: pupils dilate, heart rate decelerates,
respiration pauses, reciprocal cephalic and peripheral blood volume changes
occur, palmar sweating increases, EEG alpha desynchronises. These response
patterns result in an enhancement of perception, in order to evaluate the incident
that just occurred (in research terms, the stimulus/event that was just presented).
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The first stage of PPT may be considered as the set of subsystems involved in
processing the stimulus features, together forming a permanent feature-detection
system (Barry, 1996). The primary sub-system here is that concerned with
transient detection, and its activity is reflected by an increase in blood supply to
the brain (CPAR), and a concomitant decrease in HR (ECR1). Stimuli of any
modality trigger the sequential process. The early perceptual responses continue
to occur (i.e. do not habituate) to each stimulus presentation. In adaptive terms,
this mechanism can be seen as a constant monitor, responsive to any changes in
the environment (or stimulus context). The transient associated with stimulus
onset is the effective element of the stimulus occurrence which begins the
sequential processing.
The outcomes of the preliminary processing by the detection system feed
forward in a number of parallel streams. One passes to the OR generator via a
novelty processing subsystem, labelled H in the model, retained from Groves and
Thompson‟s model, activation of which is evident in EEG alpha
desynchronisation and respiratory pause. This pathway produces response
decrement, and is the major contributor to the habituation process. Another
pathway to the OR by-passes the H subsystem, and is responsible for the slowerhabituating elements of the local OR. Barry (1996) noted that inclusion of this
mechanism reinstated Sokolov‟s concept of a local OR. The local OR differs
from the non-specific general OR which is indexed in PPT by the GSR. Sokolov
(1963b) suggested that the slower habituation of alpha blocking to visual (c.f.
auditory) stimuli was due to its close association with the visual neural pathways
involved, and introduced the concept of a local OR, associated with modalityspecific neural pathways. Barry had previously argued against a „local OR‟
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mechanism. Barry (1976) examined the magnitude of EEG alpha
desynchronisation at stimulus onset as a function of stimulus intensity and
stimulus repetition. Significant intensity and repetition effects were found, but
these did not vary for visual, auditory and motor cortical regions. More recently
however, Barry (1996) noted that the exclusion was based on non-replicated data
from only one study, and was perhaps premature.
Another permanent part of the feature detection system is the subsystem
concerned with evaluation of stimulus energy. Essentially, a stimulus event
contributes via the S process to the overall arousal/activation level in proportion to
its intensity/magnitude/energy. The S process was first described in dual-process
theory, and is reflected in the stimulus-response patterning of the phasic PPAR
(Barry & James, 1981a). Arousal is a crucial tonic element in the S process, such
that arousal (indexed by SCL) underlies the phasic OR mechanism‟s amplifying
function. As can be seen in Figure 2, an interaction between phasic measures and
arousal may occur via several sub-systems in PPT.
An additional subsystem included in PPT, labelled the central executive
(CE), can also impact on OR outcomes. Feed-forward contributions from both
local and general OR mechanisms contribute to this, resulting in the involuntary
switching of attention apparent in an enhanced SCR-OR. The vigilance system is
an important element of the CE, indexed by HR and pupil dilation levels, which
contribute to the enhancement of stimulus detection and response preparation
processes (Barry, 1996). When stimuli are significant for participants, the ECR2
is elicited and the SCR-OR is further enhanced.
In a review of the OR and evoked potentials, Näätänen (1986) noted that, as
a concept, the "OR has grown too broad to serve as a useful conceptual tool" (p.
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61), and that it is now used to describe several kinds of behavioural and
physiological changes associated with various stages of information processing.
For example, it may be used to refer to responses that reflect the subjective
significance of the stimulus, affective responses to a stimulus, the development of
complex associations between stimuli and outcomes, or vigilance and prestimulus preparatory activity. The theoretical structure of PPT has provided a
solid framework from which to make predictions in regard to ANS measures in
the OR context. The exploration of stimulus intensity and novelty effects has led
to important theoretical developments in relation to habituation, which impact
beyond the field of the reflexive autonomic OR to indifferent stimuli, and has
extended the OR into more complex and voluntary attentional processes. Early
OR research centred on peripheral autonomic (ANS) measures of
psychophysiological functioning, since ANS measures are simpler to obtain and
quantify than the more-central (CNS) measures. However, since the development
of digital signal-processing techniques, complex cognitive processes are usually
described in terms of CNS measures, in particular the event-related potential
(ERP). The ERP is a time-locked segment of the electroencephalogram (EEG)
composed of a variety of response components, that have been found to be
dependent on both physical and psychological aspects of stimuli. Although
similar questions of stimulus-response relationships, and their mediation by
cognitive functioning, have been addressed using the ERP, there has been very
little examination of its correspondence with ANS OR measures.
It has not gone unnoticed by leading researchers in both the ERP and ANS
fields that the antecedent conditions that lead to OR elicitation are similar to those
found to elicit the ERP (e.g., Barry, 1996; Donchin et al., 1984; Simons et al.,
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1987). However, differences in methodology have hindered our understanding of
the relationship between peripheral and central measures. The necessity to
integrate these separate sources of information was highlighted by an eminent
international panel (Donchin et al., 1984). The proposed goal of the panel was the
development of a comprehensive integrated concept of the organism‟s reaction to
novelty – a model that would generate as predictions the complex of autonomic
nervous system (ANS) changes on which the OR literature focused, as well as the
data on ERPs. It was clear that there was no consensus of a correspondence
between ERP components and the OR, and the panel concluded that, while
differing perspectives were adopted by those present, the issue was one that must
be addressed by psychologists. There was consensus on one issue however: that
an integration between ERPs and OR literature was at least possible. The goal put
forward by the panel has inspired an increasing body of research examining ERPs
from the OR perspective (research which is reviewed comprehensively in the next
chapter). Almost all of these studies however, examined the OR from the unitary
perspective of Sokolov‟s theory. The primary supposition taken in this thesis is
that, when examined in a more current perspective of the OR, such as that
provided by PPT, the separate components of the ERP will show responsefractionation similar to that previously shown with peripheral measures. The
primary aim of this thesis is to examine the feasibility of integrating ERP
components within the PPT framework.

38

CHAPTER 3 :

EVENT-RELATED

POTENTIALS
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3.1

Introduction
The term event-related potential (ERP) refers to a time-locked segment of

the EEG and is composed of a variety of components, that have been found to be
dependent on both physical and psychological aspects of stimuli. Vaughn (1969)
proposed a classification of ERPs into four distinct groups, based on those that
showed stable time relationships to actual or anticipated stimuli and included:
sensory ERPs, motor potentials, long-latency potentials, and steady state potential
shifts. Since that time, an enormous literature has examined each of these classes
in some depth, in studies of attention and information processing. ERP
components are generally identified and labelled in terms of each peak‟s polarity,
order of appearance and/or peak latency (e.g. N1 or N100 refers to the first
negative peak in the ERP waveform, peaking around 100 ms after stimulus onset).
Donchin (1978) proposed a distinction between the early exogenous components
(P1, N1 and P2), which were believed to be primarily sensitive to the physical
characteristics of the stimulus, and the later endogenous components, believed to
reflect subjective factors of information processing, and comprising the N2, P3,
and late slow wave components. Subsequent research, however, showed that
different components may share aspects of response to both exogenous and
endogenous stimulus parameters. This ambiguity in eliciting conditions led to a
focus on the specific stimulus parameters reflected by each peak, and to defining
the functional significance of each individual component.
Donchin, Ritter and McCallum (1978) noted that, in order to define the
functional significance of an individual component, researchers must describe its
scalp distribution, its morphology, and its sensitivity to experimental variables.
The application of these criteria has been reiterated often in the literature as the
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appropriate approach for defining the functional significance of ERPs (e.g.
Donchin et al., 1984; Dien et al., 2004; Fabiani, Gratton, Karis, & Donchin, 1987;
Picton, Bentin, Berg, Donchin, Hillyard, Johnson et al., 2000). The success of
this approach was highlighted by Picton et al. (2000), who noted that researchers
no longer referred to ERP components in terms of a polarity-latency label such as
P300 or N400, but to a psychophysiological entity, with specific functional
properties, based on their hypothesised functional role, for example the mismatch
negativity, processing negativity, readiness potential, Novelty P3, etc. Eliciting
conditions and the proposed functional significance of each of the prominent ERP
components (P1, N1, P2, N2, P3, and CNV) are reviewed below.

3.2

P1
The P1 occurs approximately 50 ms after stimulus onset for auditory tones,

and is maximal over frontal and central regions of the scalp. For visual stimuli,
P1 latency is approximately 100 ms, and it shows a maximum amplitude over
occipital regions. The P1 is not always present for auditory tasks (Fonaryova
Key, Dove, & McGuire, 2006), and has been shown to diminish/disappear with
age (Coch, Groissi, Coffrey-Corina, Holcome, & Neville, 2002). The auditory P1
has been considered to reflect attentional enhancement of early activity in or near
primary auditory cortex (Woldorff & Hillyard, 1991). This component is often
examined in the “sensory gating” paradigm, where paired clicks are presented at
very short ISIs. P1 amplitude is typically reduced to the second click, compared
with the first. This effect has been interpreted as a neurophysiological index of
sensory gating (Waldo, Gerhardt, Baker, Drebing, Adler, & Freedman, 1992) or
auditory inhibition, indicating preferential attention to sensory inputs and
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suppression of unattended information, and is thought to reflect the general level
of arousal.
Neural generators for the auditory P1 have been localised to temporal
(auditory cortex) and frontal regions (Weiser, Weisbrod, Roehrig, Rupp,
Schroeder, & Scherg, 2001), and the superior temporal gyrus (Thoma, Hanlon,
Moses, Edgar, Huang, Weisend et al., 2003). In contrast, neural generators for the
visual P1 are widespread over ventral and lateral occipital, and posterior parietal,
regions (Clark, Fan, & Hillyard, 1996).

3.3

N1
The N1 is elicited by stimuli of any modality and is maximal in the cortical

regions related to the modality of the stimulus. For example, the N1 component
appears to be generated in the auditory cortex by brief tones, the occipital cortex
by light flashes, and the postcentral gyrus and primary somatosensory cortex by
somatosensory stimuli such as air puffs (Goff, Allison, & Vaughan, 1978;
Vaughan & Arezzo, 1988). This potential is evoked by a relatively abrupt change
in the level of energy impinging on the sensory receptors. Stimuli with very slow
onsets do not elicit this component (Clynes, 1969). The latency and amplitude of
the N1 potential are determined by the slope of the energy change – the rise time
or the fall time. Sustained stimuli elicit the N1 at their onset, but despite the
duration of the stimulus presented, N1 latency is lengthened by only 30-50 ms.
Early research suggested that changes in frequency or intensity, such as in the
oddball task, modulate changes in the amplitude of the N1 (Clynes, 1969; Spoor,
Timmer, & Odenthal, 1969). It was subsequently shown, however, that a
separately-generated negative component, the mismatch negativity (MMN)
(reviewed below) is elicited by tonal changes in intensity and frequency, and
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subsequently overlaps the N1 component (Näätänen, Paavilainen, Alho,
Reinikainen, & Sams, 1987). Näätänen et al. (1987) presented participants with a
series of standard two tone oddball tasks. The standards (frequents) were tones of
80 dB intensity, and in different blocks, the deviants (10% probability) had an
intensity of 57, 70, 77, 83, 90 or 95 dB. The participants read a book and were
invited to ignore the stimuli (presented at a constant ISI of 460 ms). The deviants
elicited a larger amplitude negative deflection compared to the standards, except
for the response to the 77 dB deviant, in which case the deflection was smaller in
amplitude. The authors suggested that the data indicate that as the difference
between the standards and the deviants increased, the MMN became larger and
earlier, overlapping the N1 deflection and making it difficult to examine them as
separate components.
An increasing body of research indicates that at least three separate subcomponents, that differ by latency and scalp topography, may contribute to the
auditory N1 (McCallum & Curry, 1980; Vaughan & Ritter, 1970; Wolpaw &
Penry, 1975). More recent evidence supports different neural generators for three
true N1 sub-components, determined by features of the stimulus (Näätänen &
Picton, 1987). The first is an early fronto-central negativity generated in the
supratemporal plane in the primary auditory cortex (Giard, Perrin, Echallier,
Thevenet, Fromenet, & Pernier, 1994; Knight, Scabini, Wood, & Clayworth,
1988). The second is described as the t-complex, due to its bipolar morphology
which is comprised of a positive wave at about 100 ms followed by a negative
deflection at 150 ms, that reflects activity in auditory association cortex at the
superior temporal gyrus (Näätänen & Picton, 1987). The third component has a
widespread cortical distribution, but shows a vertex maximum and is often
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referred to as the non-specific N1 (Loveless & Hari, 1993; Näätänen, 1992;
Näätänen & Picton, 1987).
A number of early reports indicated that the N1 component (sometimes
examined as the N1/P2 complex) habituated over stimulus repetitions, suggesting
that it represented an ERP analogue of the OR (Fruhstorfer, 1971; Öhman,
Maclean, & Lader, 1975; Ritter, Vaughan & Costa, 1968; Woods & Elmasian,
1986). In these studies, response decrement was examined as either short-term or
long-term habituation. For example, Ritter et al. (1968) presented participants
with a train of 30 tone repetitions, delivered at the rate of 1 every 2 to 5 secs.
Twenty-four trains were presented, with a five minute break between trains.
Long-term habituation was evaluated by averaging the ERPs across each train and
comparing train-to-train amplitude changes. Short-term habituation was
examined by averaging ERPs according to stimulus position in the train in order
to evaluate the stimulus-to-stimulus change. A decrease in amplitude for the
N1/P2 complex was found for both long-term and short-term designs. However,
rather than following a systematic decline, a reduction was evident only to the
first couple of stimuli/or trains, with subsequent response amplitudes remaining at
approximately 50% of the initial response. Contradictory findings were reported
for longer ISI conditions, supporting the view that reductions found for shorter
ISIs may reflect refractoriness within the auditory system (Öhman, Kaye, &
Lader, 1972; Öhman et al., 1975; Öhman & Lader, 1972; Ritter et al., 1968).
Näätänen (1990, 1992) suggested that the large amplitude (vertex maximum) N1
peak, such as commonly elicited by the first stimulus in short-term habituation
designs, is primarily due to the non-specific N1. Näätänen and Picton (1987)
proposed that the refractoriness of the non-specific N1 lasts for at least 30 s, and
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that the rapid decrement observed for subsequent stimuli in short ISI designs
reflects the absence of the non-specific N1. The authors noted that rather than
representing a correlate of the OR, the non-specific N1 functions to produce a
widespread transient arousal reaction, which facilitates sensory and motor
responses to the eliciting stimulus (Näätänen & Picton, 1987), although it may be
sensitive to stimulus repetition at very long ISIs (Näätänen & Gaillard, 1983).
The majority of studies that have examined habituation in the N1 have
examined response decrement and/or response recovery, but none of the early
research had formally shown whether these effects are due to a genuine
habituation process. In order to establish that response decrement represents
habituation and is not the result of other factors such as, fatigue or the refractory
period, it is necessary to demonstrate response recovery and dishabituation
(Thompson et al., 1979). Habituation is examined in terms of response decrement
to repetitions, response recovery is shown by an enhanced response to a deviant
stimulus, and dishabituation is demonstrated if response magnitude increases to
re-presentation of the standard stimulus (i.e. after the deviant) (Barry & James,
1981a; García-Austt et al., 1964; Webster et al., 1965). In ERP research, there has
been a tendency to simply apply the term “habituation” to any rapid response
decrement with repetition of a stimulus. This common failure to adequately
define habituation has led to substantial confusion in interpreting ERP response
decrements.
Barry, Cocker, Anderson and Gordon (1992) examined the N1 component
in a short ISI equivalent of the dishabituation paradigm. Subjects were presented
with a stimulus sequence similar to those used in ANS dishabituation studies, in
which a change (deviant) stimulus is interpolated amongst a series of standards
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(identical stimuli). Fifteen stimulus trains, each consisting of ten stimulus
presentations, were presented, with a 1.1 s inter-stimulus interval and a 5 s intertrain interval. The change trial was always position eight in the train. The data
were then averaged over trains, according to stimulus position in the train (i.e.
trial number), to obtain ERPs. While the N1 amplitude showed evidence of
decrement within-train, and response recovery to the change stimulus, there was
no evidence of dishabituation, suggesting that the response decrement is due to the
refractory period of the neural elements underlying the N1 response, and that this
effect may be inherent in paradigms with short ISIs. Barry, Feldman, Gordon,
Cocker and Rennie (1993) were able to show that habituation, response recovery
and dishabituation did occur with SCRs in the same short-ISI paradigm,
confirming that the paradigm was suitable for examining N1 habituation.
A follow-up study by Budd, Barry, Gordon, Rennie and Michie (1998)
examined the extent to which response decrements in the N1 component were due
to a genuine habituation process or receptor fatigue. The ERP-style dishabituation
paradigm described in Barry et al. (1992) was utilised to examine response
decrement for three separate ISI groups, of 1, 3 and 10 seconds. The data showed
substantial amplitude reduction from tone 1 to tone 2 for the 1 s ISI group, no
decrement for the 10 s group, and intermediate reduction for the 3 s group. There
were no dishabituation effects shown for any of the ISI groups. The authors noted
that the results provided little support for the view that N1 response decrements
were due to a genuine habituation process.

3.4

P2
The N1 and P2 are generally considered to be analogous components in

terms of their sensitivity to task demands, and are rarely studied separately in the
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auditory modality (Näätänen & Picton, 1987; Woods, 1995). The visual P2 is
described as maximally positive in frontal regions, contemporaneous with an
occipital negativity (Kenemans, Kok, & Smulders, 1993), and has been shown to
increase in amplitude with increasing task complexity. Much like the P1, the
underlying processes of the P2 have been suggested to represent inhibition of
sensory input or inhibition of other channels competing for attention (Hegerl &
Juckel, 1993). Neural sources specific to the P2 component have not been reliably
separated from the N1 (Fonaryova Key et al., 2006), although each component has
been shown to have a different developmental time course (Oades, DittmanBalcar, & Zerbin, 1997).

3.5

N2
The mismatch negativity (MMN) is elicited when some regular aspect of an

auditory stimulus sequence is violated (for reviews, see Näätänen, 1995; Näätänen
& Winkler, 1999). The MMN is obtained by presenting the subject with a block
of stimuli, typically in the hundreds, delivered at very short ISIs (approximately
450 ms), which are occasionally replaced by acoustically deviant stimuli (about
15 % probability). The MMN is derived by subtracting the ERP elicited by the
standard stimuli from that elicited by the deviant. The negative difference wave
peaks at about 100 to 200 ms after stimulus onset, depending upon the magnitude
of the deviation. Early research suggested that elicitation of the MMN occurred
only when subjects were not attending to the auditory stimuli (Näätänen, Gaillard,
& Mäntysalo, 1978, 1980). These finding have been replicated using shorter ISIs
(Alho, Paavilainen, Reinikainen, Sams, & Näätänen, 1989), and varying task
difficulty (Alho, Woods, Algazi, & Näätänen, 1992).
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However contradictory findings by Woldorff and Hillyard (1991) suggested
that the MMN is considerably larger when participants are instructed to attend to
the stimuli compared with non-attend conditions. The authors noted that this was
evidence that the MMN can be affected very strongly by focused attention.
Näätänen Paavilainen, Tiitinen, Jiang and Alho (1993), however, believed that
Woldorff and Hillyard‟s (1991) data showed evidence of the N2b component,
which had previously been shown to overlap the MMN (N2a) in attend tasks
(Näätänen, 1982). The MMN shows an anterior maximum and is in part
generated in the auditory primary and association areas of the cortex. The N2b
shows a central maximum, but its cerebral origins are unknown, and may be nonspecific (Näätänen, 1990). The MMN has been shown to be elicited by changes
in frequency (Näätänen et al., 1978; Sams, Paavilainen, Alho, & Näätänen, 1985),
intensity (Näätänen Paavilainen, Alho, Reinikainen, & Sams, 1987, 1989; Snyder
& Hillyard, 1976), stimulus duration (Näätänen, Paavilainen, & Reinikainen,
1989), and real or apparent spatial locus of the stimulus (Paavilainen, Karlsson,
Reinikainen, & Näätänen, 1989).
Recent findings show that the memory systems reflected in the MMN
encode not only individual stimulus features, but also feature conjunctions or
gestalts, containing holistic information of the various physical features
(Paavilainen, Karlsson, Reinikainen, & Näätänen, 2001). Paavilainen, Simola,
Jaramillo, Näätänen and Winkler (2001) wished to determine whether the
preattentive sound-analysis mechanisms, reflected by the MMN, are capable of
extracting invariant relationships based on abstract conjunctions between two
sound features. The standard stimuli varied over a large range in frequency and
intensity dimensions, following the rule that the higher the frequency, the louder
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the intensity. The occasional deviant stimuli violated this frequency-intensity
relationship and elicited an MMN. The results demonstrate that pre-attentive
processing of auditory stimuli extends to unexpectedly complex relationships
between the stimulus features.
Näätänen (1979, 1986) proposed that the MMN reflects specific auditory
stimulus discrimination processes, and is a fully automatic cerebral response to a
physically-deviant stimulus, which is in accordance with Sokolov‟s neuronal
mismatch model of the OR. If the subject is instructed to pay attention, however,
the MMN is overlapped with the N2b, which may represent the voluntary OR
(Näätänen & Gaillard, 1983). In a recent review of ERPs in the OR context,
Sokolov et al. (2002) noted that there are some important distinctions between the
“change detection reflected by the MMN and the brain events postulated by
Sokolov to initiate the OR” (p. 318). Sokolov (1963a) did not distinguish between
the OR to the initial stimulus and the OR to a deviant stimulus. Research has
shown that the MMN occurs only to a change in sequence, and is not elicited by
the first stimulus presented in a sequence (Näätänen et al., 1989; Sams et al.,
1985). Näätänen and Gaillard (1983) proposed a distinction between an initial OR
and a change OR (c.f. O‟Gorman, 1979), and suggested that the MMN process is
reflective of the OR to a change stimulus, whereas the non-specific N1 may be
associated with the initial OR.
Kenemans et al. (1989) provided some support for this interpretation. The
authors examined response decrement and response recovery for both ERPs (N1,
P2/N2 complex, P3) and SCRs in a variation of the classic habituation paradigm.
Participants were presented with a series of 197 standard stimuli interspersed with
14 deviants (number of standards between deviants varied randomly between 10
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and 18). Response decrement was examined over the first 14 stimuli, which were
always standards, and response recovery was examined by comparing responses
to the deviants with responses to the standards preceding them. Participants were
assigned to one of two ISI conditions, fixed at either 2.45 s or 8.45 s, and half in
each condition were instructed to attend to the stimuli. Response decrement was
shown for the non-specific N1, and this did not differ with ISI or instruction.
Response recovery effects, however, were equivocal. An effect was apparent only
for task-relevant stimuli in the short ISI condition, and this effect was primarily
evident at Fz. These results contradicted previous findings for the N1, but were
based on the visual modality, which has not been as rigorously examined as the
auditory system in the OR context. Kenemans et al. (1989) also examined the P2
and N2 as a complex, the P3 (LPC) component, and the SCR (long ISI only). The
P3 and SCR both showed evidence of response decrement and response recovery,
although response recovery for the SCR was only found for the attend condition.
The P2/N2 complex did not show evidence of response decrement, but was
enhanced to the deviant stimulus for both attend and non-attend conditions. The
authors suggested this component was equivalent to the auditory MMN. The
authors concluded that ERP components differentiate the OR to the initial
stimulus (“initial-orienting reaction”), represented by the P3, and the OR to a
change stimulus (“change-orienting reaction”) represented by the MMN and the
P3.

3.6

P3 (Late Positive Complex – LPC)
The P300 of the event-related potential (ERP), first described by Sutton,

Braren, Zubin and John (1965), is a large centro-parietal deflection, peaking
approximately 300 ms after stimulus onset. Sutton et al. (1965) showed that the
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amplitude of this component increased as the subject‟s degree of certainty
concerning stimulus probability decreased. A number of studies investigating this
component quickly followed. Initial reports emphasised the need for attention as
a necessary condition for elicitation (Picton & Hillyard, 1974; Ritter & Vaughan,
1969; Squires, Hillyard, & Lindsay, 1973; Sutton et al., 1965). However,
evidence of a late positive wave to unpredictable but irrelevant stimuli (Ritter &
Vaughan, 1969; Ritter et al., 1968; Roth, 1973), that differed in both latency and
topographic distribution from the component originally described by Sutton et al.
(1965), suggested that, rather than a single entity, the P300 represented a synthesis
of several distinct processes (Courchesne et al., 1975; Snyder & Hillyard, 1976;
Squires et al., 1975a, 1975b). Hence, Vaughan and Ritter (1970) proposed an
early change in nomenclature, introducing the more appropriate “late positive
complex” (LPC).
The LPC is elicited by stimuli of any modality, and has been associated with
orienting, attention, stimulus evaluation and memory processes (Courchesne et al.,
1975; Donchin et al., 1984; Hillyard & Picton, 1987; Neville et al., 1986; Knight,
1996; Squires et al., 1975a, 1975b). The amplitude of the LPC has been shown to
be augmented by increased stimulus intensity (Covington & Polich, 1996;
Gonsalvez et al., 2007; Picton & Hillyard, 1974; Polich et al., 1996; Ritter &
Vaughan, 1969; Roth, Blowers, Doyle, & Kopell, 1982), and stimulus
significance (Donchin & Coles, 1988; Picton & Stuss, 1980; Squires et al., 1977;
Squires et al., 1975b). Donchin et al. (1984) proposed that the P300 may be a
correlate of the “cognitive evaluation of stimulus significance” which occurs in
conjunction with both the Orienting Reflex and the judgment of task-relevance;
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and that, rather than a single entity, this component represented a complex
response that differed with experimental design.
A large majority of studies examining the LPC have employed variants of
the “oddball” paradigm, in which subjects may be asked to attend (e.g., count or
button press) or may ignore deviant stimuli randomly presented within a series of
homogeneous stimuli. The inverse relationship between LPC amplitude and
deviant probability has been examined extensively and is well established. Larger
amplitudes are obtained with low probability stimuli in auditory, visual, and
somatosensory modalities (Donchin, 1981; Duncan-Johnson & Donchin, 1977;
Johnson, 1986; Polich & Comechero, 2003; Wickens, Kramer, Vanasse, &
Donchin, 1983).
Despite consistent empirical results, the exact reason for probability effects
in an oddball task is unclear. For example, low-probability targets may elicit
larger LPC amplitudes because of memory updating processes associated with
decreased expectancy (Donchin & Coles, 1988; Squires et al, 1977; Squires,
Wickens, Squires, & Donchin, 1976). Others have argued that low probability
targets are expected, thus enhanced amplitudes reflect resolution of a state of
suspense or expectancy (Verleger, 1988; Verleger, Jaskowski, & Wauschkuhn,
1994). The most commonly-cited interpretation of LPC elicitation, „the context
updating hypothesis”, was proposed by Duncan-Johnson and Donchin (1977) and
Johnson and Donchin (1978). They noted that LPC elicitation was associated
with the processing of novel and task-relevant stimuli, and that this information
was incorporated into the schema or neuronal model of the stimulus in a process
termed context updating. Donchin (1981) proposed that such events may lead to a
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restructuring or updating of working memory, and that this activity is part of the
ongoing process of maintaining accurate schemas of the environment.
The working memory model of the LPC response pattern has been
examined explicitly in recall and recognition paradigms. Fabiani, Karis and
Donchin (1986, 1990) and Karis, Fabiani and Donchin (1984) showed that the
most distinctive item, in a list to be later recalled, was associated with the largest
amplitude LPC, and the highest incidence of recall. Findings have been
contradictory, however, as the type of rehearsal strategy used by subjects has been
shown to have a significant impact on ERP outcomes (Friedman, Ritter, &
Snodgrass, 1996). For example, rote rehearsal strategies have been associated
with an enhanced LPC (Fabiani et al., 1986; Karis et al., 1984), frontal positive
slow wave (FPSW) (Otten & Donchin, 2000), and the P2 component (Chapman,
McCrary, & Chapman, 1981), whereas elaborative strategies have been associated
with the FPSW (Fabiani et al., 1986; Karis et al., 1984), and the P1 and P2
components (Rushby, Barry, & Johnstone, 2002). More recently, Wiswede,
Rüsseler and Münte (2007) showed that ERP memory effects were further
dependent upon the position of recalled words in the previously presented list.
Words recalled from the primacy portion of a list were associated with positive
frontal activity, whereas parietal positive activity was associated with words from
the recency portion. Friedman et al. (1996) noted that the variable results may
reflect a unitary process, such as context updating, that overlaps several
components, or may represent several distinct processes, each represented by a
different component.
The context updating hypothesis has inspired a great body of literature, but
converging evidence from a large number of sources suggests that more than one
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sub-component contributes to the LPC (e.g. Barry & Rushby, 2006a; Bledowski et
al., 2004; 2006; Dien et al., 2004; Halgren et al., 1995a, 1995b; Knight, 1996;
Simons et al., 2001; Spencer et al., 1999, 2001; Squires et al., 1975a), questioning
the conceptualisation underlying the monolithic theory. Polich (2007) and Dien et
al. (2004) have recently noted that renewed efforts are required by researchers to
develop a theoretical interpretation of the functional significance of the LPC,
based on its underlying sub-components.
The context-updating hypothesis has its roots in Sokolov‟s concept of the
orienting reflex (OR) (Donchin et al., 1984; Polich & Criado, 2006). Surprisingly,
given the relationship between context updating and Sokolov‟s model, the LPC
has had little examination in the traditional OR context. A number of studies that
examined trials effects for the LPC have reported evidence of response decrement
over stimulus repetitions (Becker & Shapiro, 1980; Kenemans et al., 1989;
Verbaten, 1983; Woestenburg et al., 1983). This effect is not always observed
with active discrimination tasks (Polich, 1989; Roth, Dorato, & Kopell, 1984) or
when the stimulus is made relevant in some way to the subject (Wetter et al.,
2004), although response decrement and response recovery have been shown after
several blocks of trials (Polich & McIsaac, 1994). Much of the data reported on
the LPC has used baseline-to-peak or area measures to quantify their amplitude
and latency. How these effects relate to the underlying sub-components is
unclear.
3.6.1

LPC Sub-components
In 1975, two papers confirmed elicitation of other late positive components

in response to deviant or novel stimuli (Courchesne et al., 1975; Squires et al.,
1975a). Squires et al. (1975a) reported elicitation of an early (250-280 ms)
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fronto-central positive component by both attended and non-attended deviant
stimuli in an oddball task, which they labelled the P3a, and a later (340 ms)
parietal positivity which was enhanced for attended compared with non-attended
deviants, labelled the P3b. They further showed that a broadly-distributed slow
wave (SW) component “was in part contemporaneous with the P3a and P3b
peaks” (p. 398). Courchesne et al. (1975) reported another component, the
Novelty P3, that was also more frontally distributed, but showed a longer peak
latency (360 – 450 ms) and was elicited by complex rare non-target pictures
interspersed randomly in an attended oddball series. Later work (Courchesne et
al., 1983, 1984) examined complex novel sounds in attend oddball tasks, and
reported three ERP components that were enhanced to complex environmental
sounds – an early central component (latency 300 ms) referred to as P3a, a later
positive parietal component (500 ms) referred to as SW, and a late negativity (800
ms). Courchesne et al. (1983) reported that the P3a and late negativity were
distinguishable from the P3b and SW based upon developmental data, but noted
that “whether they are similar to still other components described by other
researchers (such as P3a), remains for further research to answer” (p. 238).
There is growing consensus in the literature supporting the view that, at
least for auditory stimuli, the Novelty P3 and the P3a are the same component
(Dien et al., 2004; Simons et al., 2001; Spencer et al., 2001). A profusion of
studies has replicated Courchesne et al. (1975) for both visual and acoustic stimuli
(e.g. Comerchero & Polich, 1998, 1999; Cycowicz & Friedman, 1998; Fabiani &
Friedman, 1995; Katayama & Polich, 1998; Knight, 1997; Simons et al., 2001;
Spencer et al., 2001). Polich and colleagues have also reported that simple
auditory/visual stimuli elicit the Novelty P3, if they are highly deviant compared
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to the target and standard stimuli (Comerchero & Polich, 1999; Katayama &
Polich, 1998; Polich & Comechero, 2003). They showed that the most distinctive
non-target stimuli elicited an enhanced frontal component, that closely resembled
the P3a from „novel‟ stimulus paradigms, noting that the so-called Novelty P3 is
sometimes dubbed the P3a.
There has been an increase in the use of principal components analysis
(PCA) aimed at disentangling the late ERP components elicited by deviant
stimuli. PCA is a multivariate technique used as a data description and
summary/reduction method, that seeks to uncover latent variables responsible for
patterns of covariation in ERP data sets (Dien & Frishkoff, 2005; Kayser &
Tenke, 2003; Möcks & Verleger, 1991). By identifying and grouping unique
variance patterns for a given set of ERP waveforms, PCA decomposes the
variance structure of the observed data into components (i.e. factor loadings) and
their associated weights (i.e. factor scores), which may be interpreted as
operational definitions of ERP components. Although PCA has been shown to
have limitations when applied to ERP data (Wood & McCarthy, 1984) and to be
sensitive to parameters like latency jitter, and component overlap and correlation
(Dien, 1998; Donchin & Heffley, 1978), it has been utilised successfully in
numerous studies aimed at disentangling the ERP sub-components underlying the
LPC (e.g., Dien et al., 2003; Goldstein et al., 2002; Simons et al., 2001; Spencer et
al., 1999, 2001; Squires et al., 1975a). These studies have consistently shown
that, for an oddball sequence, deviant stimuli elicit both the P3a and P3b
components, with amplitudes larger for attend conditions. They further showed
that non-target deviants (i.e. novel stimuli) also elicit a frontally-distributed
positive component (Novelty P3) and a parietal positive (P3b) component.
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Simons et al. (2001) replicated both the Squires et al. (1975a) and Courchesne
(1983) studies. ERP averages from the two data sets were then combined and
submitted to a PCA using the covariance matrix. Two sets of factor scores were
computed for all ERPs in the combined data set, the first from the „Squires‟ ERPs
and the second from „Courchesne‟ ERPs. Exploration of the similarity between
the two factor structures showed that the distributions of the P3a factor scores and
the Novelty P3 factor scores were statistically indistinguishable, leading the
authors to assert that “the arguments originally marshalled in support of the
distinction between the Novelty P3 and the P3a have not been empirically
supported” (Simons et al., 2001, p. 216).
More recently Dien et al. (2004) reached the same conclusion as Simons et
al. (2001). Donchin and colleagues (Dien et al., 2003; Goldstein et al., 2002;
Spencer et al., 1999, 2001) used spatiotemporal PCA (for a description, see
Spencer et al., 1999) with the purpose of elucidating the late ERP components
elicited by deviant stimuli under ignore and attend conditions. They have
consistently shown that all deviant stimuli (attend-deviants, ignore-deviants and
rare novel stimuli) elicit the P3a and P3b components, and that the relative
amplitudes of each depends on “the relationship between the particular deviant
stimuli and task requirements” (Spencer et al., 2001, p. 355). For an attended
oddball task, target deviants elicited a large amplitude P3b and a small P3a,
whereas highly salient non-target deviants (novel stimuli) elicited a large P3b and
a large P3a. Spencer et al. (2001) noted that elicitation of the P3b by both target
and non-target deviant stimuli is consistent with their hypothesis that the P3b
reflects the process invoked when one needs to update a mental model (schema)
of the environment in working memory (Donchin, 1981; Donchin & Coles, 1988).
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The functional significance of the P3a component, however, was less clear
(Spencer et al., 2001). The P3a component is enhanced with reduced stimulus
probability (Johnson, 1993), and has been proposed as reflecting an involuntary
switching of attention (Näätänen, 1992), inhibition of a response automatically
engaged with the detection of deviance (Goldstein et al., 2002), and most
commonly, as part of a general or involuntary OR to unexpected or novel stimuli
(Courchesne, 1978; Courchesne et al., 1975; Cycowicz & Friedman, 1998;
Fabiani & Friedman, 1995; Friedman & Simpson, 1994; Knight, 1996; Roth,
1973; Squires et al., 1975a, 1975b; Yamaguchi & Knight, 1991). Recent reports
indicate that neither unexpectedness (Dien et al., 2004), nor novelty (defined in
terms of complexity of the stimulus) (Comerchero & Polich, 1999; Dien et al.,
2003; Goldstein et al., 2002; Spencer et al., 1999, 2001), are necessary for P3a
elicitation, but that stimulus salience appears to be an important factor controlling
P3a amplitude (Dien et al., 2003, 2004; Goldstein et al., 2002).
Dien et al. (2004) further showed that P3a elicitation was not restricted to
the oddball paradigm. Dien et al. (2004) examined whether two components, the
P-SR (positivity – simple response) and the P-CR (positivity – choice response)
put forward by Falkenstein, Hohnsbien and Hoorman (1994), were separate
components contributing to the LPC time frame, or were simply analogous to two
known components, the P3a and P3b. Dien et al. (2004) replicated the
Falkenstein et al. (1994) study, and also included two oddball tasks, one visual
and one auditory. The PCA for the Falkenstein task produced only two
components, whose topographies corresponded to the P3a and P3b components
elicited by target deviants in the oddball task. Dien et al. (2004) noted that, while
these findings do not rule out any current accounts of P3a elicitation, they do
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show that the P3a and the P3b reflect independent and dissociable processes, and
suggested that current developments in the literature indicate a simpler taxonomy,
allowing the literature to be described in terms of two components, the P3a and
the P3b, with the addition of the SW under certain conditions.
A large body of evidence supports separate neurophysiological sources for
the P3a and the P3b sub-components of the LPC (Bledowski et al., 2004, 2006;
Johnson, 1993; Ruchkin, Johnson, Canoune, Ritter, & Hammer, 1990; Yamaguchi
& Knight, 1991). Intercranial recordings indicate that P3a elicitation is associated
with activity in the dorsolateral, prefrontal, orbito-frontal and anterior cingulate
cortices, while activity associated with the P3b component is largest in the
hippocampus and cortical association areas (Halgren et al., 1995a, 1995b;
McCarthy, Wood, Williamson, & Spencer, 1989; Wood & McCarthy, 1987).
Examination of brain lesion patients has shown that prefrontal lesions lead to a
significant reduction in P3a amplitude at frontal sites, but have no effect on
parietal positive activity, and that parietal lobe lesions abolish the P3b and P3a
components at posterior sites, whereas the P3a component at frontal sites is
partially preserved (Knight, 1984, 1996, 1997; Knight et al., 1989). The majority
of these studies have examined neural sources in the oddball task, or one of its
variations (e.g. novelty oddball).
Research shows that SCRs induced by significant compared to
nonsignificant stimuli have different cerebral organisations (Donchin et al., 1984;
Fredrikson et al., 1998; Maltzman, 1977; Rippon, 1990, 1993). Maltzman (1979a,
1979b) speculated that examination of the LPC component in an OR context
might provide a neuro-psychological basis for the distinction between a voluntary
OR (elicited by cortical activity involved in learning, conditioning etc. – i.e.
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sensitive to psychological variables) and an involuntary OR dependent upon
external stimulation (i.e. reflexively dependent upon stimulus parameters). A
student of Maltzman, Ksenija Marinkovic, proposed that the physiological and
functional differences shown between the P3a and P3b components supported
such a distinction (Marinkovic, Halgren, & Maltzman, 2001). They
simultaneously examined ERPs and SCRs during a novelty oddball task, in which
subjects were asked to count or button press in response to the rarely-occurring
target tones (no response was required to occasional non-signal novel tones).
They identified two sub-components of the LPC that corresponded to the P3a and
P3b components. A large fronto-central P3a was evoked only by unique novel
trials that also showed evidence of an SCR-OR. Marinkovic et al. (2001)
suggested that P3a elicitation represents a central index of orienting to incidental
and biologically salient stimuli. They noted that the response appears to be
involuntary, as it does not require active attention. The P3b component was
elicited by both target and novel tones but did not show a clear relationship to the
SCR. Marinkovic et al. (2001) suggest that elicitation of the P3b may represent
voluntary cognitive processing of rare task-related stimuli.
More recently Barry and Rushby (2006a) examined the sources underlying
the LPC in a short-ISI equivalent of a Go/NoGo task. Our results supported
Marinkovic‟s conceptualisation of the non-target and target stimuli as indifferent
vs. significant, respectively producing involuntary vs. voluntary ORs. There was
however, substantial source overlap in the responses to the initial stimuli, and
these common sources showed exponential decrement over trials, suggestive of an
additional component, the Novelty P3, in the initial response to both stimulus
types. Trials effects in this component correlated substantially with the
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corresponding electrodermal OR trials effect. Barry and Rushby (2006a) noted
that the LPC sub-components reflected different aspects of the stimulus/context,
echoing response fractionation of ANS measures in the OR context.
The Classic Slow Wave
An additional component only briefly mentioned above, the classic or late
slow wave (SW) (Ruchkin, Johnson, Mahaffey, & Sutton, 1988; Ruchkin &
Sutton, 1983; Sutton & Ruchkin, 1984), has also been shown to temporally
overlap the P3a and P3b components (Roth, Ford, & Kopell, 1978; Ruchkin &
Sutton, 1983; Spencer et al., 2001; Squires et al., 1975a, 1975b). Due to this
temporal overlap, PCA is often applied to separate contributions of the
overlapping waves. Although usually extracted as a single PCA factor, the SW is
typically described as showing a general anterior-negative and posterior-positive
topography (Pritchard, Brandt, & Barratt, 1986; Rohrbaugh, Syndulko, &
Lindsley, 1978; Squires et al., 1975a). Previous research suggests that, rather than
a single component, the anterior and posterior aspects of the SW may be two
separate ERP components, as they have been shown to be differentially sensitive
to task demands (Friedman, Brown, & Vaughan, 1984; Loveless, Simpson, &
Näätänen, 1987; Ruchkin & Sutton, 1983; Simons et al., 2001). For the oddball
task, the anterior negative SW is reported as being elicited by deviants in both
attend and ignore tasks, whereas the posterior positive SW is elicited only when
participants attend to the task (Courchesne et al., 1983; Näätänen, Simpson, &
Loveless, 1982; Spencer et al., 2001). The posterior positive SW, however, is not
always present for attend conditions (Dien et al., 2004; Friedman, et al. 1984), has
been related to the amount of processing time required for a decision to be made
(Ruchkin, Munson, & Sutton, 1982), and may be enhanced by task difficulty
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(Roth, Ford, & Kopell, 1978), sustained attention (Gevins, Smith, Le, Leong,
Bennett, Martin et al., 1996), and increased perceptual difficulty of the stimulus
(Ruchkin et al., 1988).
Loveless et al. (1987) examined the SW in a warned reaction-time
paradigm, in which a warning stimulus (S1) is followed after a fixed interval by a
second stimulus (S2) that requires a response from the subject. The S1 evoked
potentials included the SW. A PCA distinguished a factor that was comparable
with the anterior negative /posterior positive SW elicited by deviant events in the
oddball paradigm. This component is modulated by stimulus properties of the
warning stimulus, and its elicitation has been proposed as reflecting an OR
(Gaillard, 1976; Loveless & Sanford, 1974; Rohrbaugh, 1984; Rohrbaugh,
Syndulko, & Lindsley, 1976). The negative SW has been examined in an OR
context (Simons et al., 1987; Zimmer & Demmel, 2000), and whilst there is some
evidence of response decrement and recovery, results have been equivocal, and
dishabituation has not been reliably shown (Zimmer, 2002).

3.7

The Contingent Negative Variation
The contingent negative variation (CNV) is described as a steady, relatively

long-lasting negative shift in cortical electrical activity that reaches maximum
amplitude prior to stimulus onset. The CNV may be elicited during a variety of
conditions, with the common eliciting element being anticipation of a stimulus
event (Cohen & Walter, 1966; Walter, 1967). Tecce (1972) proposed that the
CNV is a measure of cortical arousal related to anticipatory attention, that
includes preparation, motivation and information processing, and suggested that
this relationship can be described by the inverted-U function – that is, at high or
low levels of arousal CNV amplitudes are small, and at moderate levels the CNV
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amplitude is largest. The origin of the CNV has been attributed mainly to the
cerebral cortex – excitatory signals from the thalamus depolarise neurons over
extensive cortical regions, and the resulting slow negative wave represents a
period of increased cortical excitability (Elbert, Rockstroh, Canavan, Birbaumer,
Lutzenberger, von Bulow et al., 1991).
Typically, the CNV is prominent in a warned reaction time (RT) paradigm,
with a fixed interval between the warning (S1) and imperative (S2) stimuli; the
CNV develops in the anticipatory period between the two. Walter (1967) reported
that two separate negative components were elicited prior to S2. The first of
these, the early CNV (sometimes labelled the Orienting or O-wave) is believed to
reflect activity related to the warning stimulus, and has been proposed as
reflecting an OR to S1 (Gaillard, 1976; Loveless & Sanford, 1974; Rohrbaugh et
al., 1976). The second component is believed to reflect primarily motor
preparation (i.e. motor/readiness potential) preceding a voluntary movement (e.g.
button press to a tone) (Birbaumer, Elbert, Canavan, & Rockstroh, 1990;
Kornhuber & Deecke, 1965; Rohrbaugh et al., 1976; Tecce, 1972). A late CNV
(sometimes referred to as the stimulus-preceding negativity (SPN) or expectancy
wave (E-wave)), to stimuli not requiring a motor response, has also been reported
(Cohen & Walter, 1966; Conner & Lang, 1969; Grünewald-Zuberbier,
Grünewald, Runge, Netz, & Hömberg, 1981; Walter, 1967). Although reported as
being topographically distinct from the O-wave and the motor potential (Damen &
Brunia, 1987a; Grünewald & Grünewald-Zuberbier, 1983), this may vary
depending on task parameters; it is not always found for non-motor tasks (Van
Boxtel & Böcker, 2004). Others have argued that, rather than being a separate
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component, non-motor preparatory potentials simply reflect a continuation of the
O-wave to S1 (Rohrbaugh & Gaillard, 1983).
Bender, Resch, Weisbrod and Oelkers-Ax (2004), Bender, Weisbrod, Resch
and Oelkers-Ax (2007) and Bender, Weisbrod, Resch, Bornfleth and Oelkers-Ax
(2005) have recently presented a series of studies examining the origin and
cerebral generators of the early and late CNV, in a traditional S1 – S2 paradigm.
They reported that the early CNV, which showed a frontal maximum, is
associated with an OR to S1, and early preparation for S2, involving activation of
the anterior cingulate, supplementary motor area (SMA) and prefrontal cortex.
The late CNV showed a centro-parietal maximum, and reflected motor
preparation and sensory attention in modality specific secondary sensory areas,
pre/primary motor cortex, and SMA. The authors suggest that early activation,
indexed in the early CNV, may recruit cortical structures needed for
processing/responding to S2.
Van Boxtel and Böcker (2004) noted that previous research into the CNV
had led them to refer to the stimulus-preceding negativities (SPNs) as a class of
potentials, and suggested that research needs to be refocused on “the components
underlying these potentials” (p. 72). They suggested that systematic variation in
experimental variables is required to specify the component structure of the SPNs,
and that any investigation needs to consider the likely influence of the current
tonic state (i.e. arousal) of the subject performing the task.
Converging evidence suggests that the different neural sources indicated for
the sub-components of the LPC (Barry & Rushby, 2006a; Bledowski et al., 2004;
2006; Knight, 1996) show some overlap with sources involved in the generation
of the CNV and SCL (Fredrickson et al., 1998; Nagai et al., 2004), in particular
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the mid-frontal cortex and cingulate. This overlap may reflect an underlying
source of task-related arousal (not necessarily conscious) common to each
component (Polich & Criado, 2006). Such findings indicate a close association of
peripheral and central measures of arousal, and suggest that the CNV is a possible
neural correlate of the tonic OR.

3.8

Summary
Current ANS research examining the OR typically relies on variants of the

dishabituation paradigm, in which a repetitive stimulus (S1) is presented for a
series of trials, during which a different stimulus (S2) is interpolated. OR theory
predicts response decrement to repetitions of S1, response recovery of the
habituated OR to the novel S2, and enhanced responding (dishabituation) to a
subsequent re-presentation of S1. The skin conductance response (SCR) is the
most consistent autonomic measure that conforms to these predictions (Barry &
James, 1981; Connolly & Frith, 1978; Groves & Thompson, 1970; Webster et al.,
1965). SCRs are further augmented by variations in stimulus parameters such as
intensity or significance (Barry, 1975, 1982a, 1982b; Barry & Furedy, 1993;
Barry & James, 1981; Germana, 1968; Jackson, 1974). Even though the major
theoretical interpretations put forward for each of the primary ERP components
(N1, N2, LPC and SW) have their roots in Sokolov‟s model of the OR (Donchin
et al., 1984; Näätänen, 1985, 1986; Polich, 2007; Polich & Criado, 2006; Pribram
& McGuiness, 1975; Sokolov et al., 2002), how the stimulus-response patterns of
ERP components relate to these SCR-derived OR criteria has yet to be clarified in
the literature.
Of all the ERP components discussed, the N1 has been most rigorously
examined in the OR context. Although response decrement is sometimes
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reported, those effects primarily appear to be due to the refractoriness of the
underlying generators (Barry et al., 1992; Budd et al., 1998; Näätänen & Picton,
1987). The N1 amplitude has been shown to be sensitive to stimulus intensity
(Gonzalves et al., 2007; Rinne, Särkkä, Degerman, Schröger, & Alho, 2006) and
stimulus significance (Hillyard, Hink, Schewent, & Picton, 1973; Lange, Rösler,
& Röder, 2003), but it is not entirely clear to what extent these effects arise from
superposition of the MMN (Näätänen et al., 1987), the processing negativity (PN;
Näätänen et al., 1978) and/or the negative difference (ND; Näätänen & Michie,
1979).
Two sub-components have been identified as contributing to the N2
(Näätänen et al., 1993). A frontal negativity (N2a or MMN) is elicited by the
deviant stimuli for indifferent tasks, that is overlapped by a central negativity
(N2b) during attend tasks. Näätänen proposed that the N2a reflects specific
auditory stimulus discrimination processes, and is a fully automatic cerebral
response to a physically-deviant stimulus, which may reflect the involuntary OR,
and the overlapping N2b may represent the voluntary OR (Näätänen & Gaillard,
1983). But, the stimulus-response pattern reported for the N2 does not correlate
with the classic patterning of an OR index, such as that shown by the SCR ORyardstick utilised in this thesis. The N2 component is elicited by an infrequent
change in a homogenous stimulus series, but it is not elicited to the first stimulus
presented in a series (Näätänen et al., 1989; Sams et al., 1985). A relationship has
been shown between the SCR and the N2 component stimulus-response patterns
to deviations in a stimulus series, but no evidence of response decrement has been
reported for the N2 (Kenemans et al., 1989; Lim et al., 1999; Lyytinen, Blomberg,
& Näätänen., 1992; Weisz & Czigler, 2006). This change detection process
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indexed by the MMN has been described as an OR to a change in stimulation
(“change OR”), which is viewed as distinct from the OR elicited by the first
stimulus in a series (“initial OR”), indexed by the N1 (Kenemans et al., 1989;
Sokolov et al. 2002).
Sokolov et al. (2002) noted that the stimulus-response patterns shown by the
N1 and N2 components are not predicted by Sokolov‟s (1963b) original criteria
for distinguishing components of the OR from other reflexes. The authors
suggested that current ERP data indicate that Sokolov‟s (1963a) original criteria
needs to be re-conceptualised, in order to incorporate more than one type of OR.
Sokolov‟s (1963a) original conception of the OR implied that a large number of
behavioural and physiological measures behaved in a comparable manner toward
variations in stimulus novelty, intensity and significance. A large body of early
ANS research, however, showed that Sokolov‟s original measures did not co-vary
in their stimulus-response patterns. Rather than interpreting this as a need to
conceptualise each measure as a reflection of different ORs, Barry (1996, 2006)
showed that only the SCR stimulus-response pattern was an index of the OR, and
its elicitation can be viewed as the outcome of a number of sequentially occurring
preliminary processes, indexed by other ANS measures (Barry, 2004, 2006).
Neither the N1 nor N2 stimulus-response patterns appear to reflect the OR, as
described by either classical Sokolovian work or PPT, but they may be
accommodated by other preliminary processes.
The stimulus-response patterns of the P1 and P2 components are not well
documented in the auditory domain, and are generally considered to reflect
attentional enhancement (Kenemans, Kok, & Smulders, 1993; Woldorff &
Hillyard, 1991) and the general level of arousal (Waldo et al., 1992). Neither of
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these components have been considered from an OR perspective, however, given
their close spatial and temporal relationship with the N1 component, they are most
likely to be represented in the early feature detection systems in PPT, and will
only be peripherally examined here. There are several ANS measures in PPT that
collectively index separate aspects of stimulus registration/detection processes and
phasic arousal effects. The simultaneous examination of peripheral (PPAR) and
cephalic (CPAR) blood volume changes, respiration and EEG desynchronisation,
in addition to the evoked cardiac response, is necessary before the placement of
the P1, N1, P2, N2 components within PPT can be fully clarified. That task is
beyond the possibilities of the current thesis.
The LPC (P300) is the ERP component most commonly suggested as likely
to be an index of the OR. A number of studies have examined response
decrement and response recovery for the LPC, but results have been equivocal,
and dishabituation has never been shown. Like the N1 and N2 components, the
LPC has been shown to be augmented by stimulus intensity (Covington & Polich,
1996; Roth et al., 1982) and stimulus significance (Donchin & Coles, 1988). Two
underlying sub-components labelled the P3a and P3b have been proposed as
respectively reflecting the involuntary OR and the voluntary OR (Barry &
Rushby, 2006a; Marinkovic et al., 2001). In contrast to the N2, the LPC is
elicited by both initial and change (deviant) stimuli; whether this is true of the
underlying sub-components, however, is unclear. Stimulus-response patterns for
the LPC sub-components have not been rigorously examined in the OR context.
Simons et al. (1987) noted that untangling the complexity of ERPs requires
a decomposition of the OR into its more basic processes, before a relationship
between specific ERP components and aspects of the OR can be elucidated in any
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detail. The breakdown of the OR into its basic (preliminary) processes has been
accomplished and is described by Preliminary Process Theory (Barry, 2006). In
PPT the SCR stimulus-response pattern, representative of Sokolovian OR
expectations, is conceptualised as the outcome of a number of sequentially
occurring preliminary processes (some of which may operate in parallel), indexed
by other ANS measures. The primary focus of this thesis was to examine putative
ERP indices of the phasic and tonic OR, respectively indexed by the SCR and
SCL, in order to commence an integration of the former in PPT.
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CHAPTER 4 : AIMS
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4.1

Thesis Design
Central measures of brain function (e.g., EEG and ERPs), and peripheral

measures (e.g., electrodermal activity and heart rate changes), both reflect
processing of stimulus material, and have been found useful in exploring the
mechanisms of perceptual and cognitive functioning, but there has been very little
examination of any correspondence between ERP stimulus-response patterns and
those of the ANS measures.
Methodological differences in the historical development of ANS research,
compared with research in the ERP field, have hindered an integration between
these measures. Traditional autonomic OR paradigms have used very long ISIs,
commonly 30 – 60 s. Such ISIs are rare in CNS studies using ERPs, which
commonly use ISIs around 1 s. The paradigms usually differ also in terms of the
number of stimuli involved, because the signal-to-noise ratio (SNR) of the ANS
measures are generally much greater than for the ERP measures. Hence ANS
studies have typically used single-trial estimates of responses to a small number of
stimuli, while ERP studies use response averages over many stimulus
presentations, particularly impacting examination of stimulus novelty effects.
This thesis aimed to bridge these methodological gaps by incorporating
methodology from both the ANS and ERP perspectives. ANS and ERP measures
were simultaneously examined in three different paradigms; the traditional ANS
long ISI habituation paradigm, the ERP-style dishabituation paradigm, and the
standard short ISI two-tone oddball paradigm, in order to ascertain if any
relationships found between ANS and ERP measures were consistent over
different tasks.
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Study 1 (Chapter 5) crossed the paradigm gap from an ANS-OR perspective
and simultaneously examined ANS and ERP responses in a variant of the classic
habituation paradigm, in which one series of twelve significant auditory stimuli
were presented with a fixed ISI of 2 minutes. In order to clarify which, if any of
the ERP components showed a stimulus-response pattern analogous to the OR, the
SCR was utilised as an OR “yardstick” to examine trials effects in each of the
major ERPs (P1, N1, P2, N2, LPC) in Study 1. In addition, a preliminary
exploration of the ECR was included to examine voluntary and involuntary
aspects of stimulus processing in the ERP components. To explore the possibility
of underlying sub-components, the ERP data were subsequently decomposed with
principal components analysis (PCA). Stimulus-response patterns for each
extracted component were also compared with the ANS measures‟ patterns.
Only one sub-component, the Novelty P3, showed a stimulus-response
pattern similar to that of the SCR-OR in Study 1. Therefore only the LPC and its
PCA-derived sub-components were focused upon in the subsequent studies.
The ERP-style dishabituation paradigm was utilised for Study 2 (Chapter 6).
The dishabituation paradigm extends the simple habituation paradigm by
including a change stimulus to examine response recovery, and re-presentation of
the standard stimulus to examine dishabituation. In ANS research the
dishabituation paradigm traditionally has been examined on a single trial basis,
i.e. only one train of stimuli is presented to participants. The dishabituation
paradigm has however been adapted to examine habituation in ERPs (e.g. Barry et
al., 1992; Budd et al., 1998). For Study 2, fifteen trains of an auditory stimulus
sequence were presented. The sequence consisted of five presentation of S1, one
presentation of S2, and one re-presentation of S1. Responses were averaged
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across train, i.e. according to stimulus position in the train. The sensitivity of
responses to stimulus intensity and significance, other stimulus dimensions
important in the OR context, was also examined. In order to show that the overtrain averaged SCRs are representative of those shown for the traditional singleseries paradigm, Study 2 examined trials effects from the first train presented in
the series, and compared these with the across-train averages.
It was shown that the stimulus-response pattern for the across-train averages
represented a suitable OR-model for exploring across train averages in the ERP.
Hence the patterning of the LPC baseline-to-peak measures and the PCAextracted components were compared with the SCR OR-model in Study 3
(Chapter 7).
There has been very little examination of ANS measures with ERPs for the
very short ISIs typically used in ERP research (Lyytinen, Blomberg, & Näätänen,
1992; Marinkovic et al., 2001; Williams, Bahramali, Hemsley, Harris, & Brown,
2002). This is primarily due to the slower onset of ANS measures. Those studies
that have utilised concurrent measures have tended to use some variation of the
oddball task. In order to allow sufficient time for autonomic response onset, these
studies have usually restricted their examination to the rare (deviant) responses.
Barry et al. (1993) introduced a new method to investigate elicitation and
habituation of the electrodermal orienting response employing a short ISI.
Because SCRs may be returning to baseline when the next stimulus is presented,
there may be no genuine baseline from which to measure the response. To
compensate for this, each response was measured by linearly extending the
recovery slope of one response (or the shifting baseline trend) to a point below the
peak of the following response, and taking the difference between the extended
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baseline and the maximum value of the peak as the response amplitude. Results
confirmed that at short ISIs, electrodermal response patterns show the three
classic criteria of habituation: response decrement, response recovery to a change
stimulus, and subsequent dishabituation. This methodology was recently utilised
to examine trials effects for the SCR in a short series (30 trials) version of the GoNoGo task (Barry & Rushby, 2006a).
Study 4 (Chapter 8) utilised the SCR OR-yardstick to examine the LPC and
its PCA-derived sub-components in an auditory oddball task. Stimulus intensity
and significance parameters were identical to those examined in Study 2. In order
to reflect the short ISI, SCRs were quantified according to the methodology
described in Barry et al. (1993). SCR stimulus-response patterns were first
compared with the LPC baseline-to peak measures, followed by the PCA
extracted components.
A preliminary investigation of the tonic OR is provided in Study 5 (Chapter
9). Although SCL has had a long history of use as an index of CNS arousal, there
has been relatively little examination of trials effects in this measure. For this
study the dishabituation paradigm described in Study 2 was utilised, but there was
no task required of the participants. The pre-stimulus contingent negative
variation (CNV) was examined as a possible neural correlate of the tonic OR. As
in Study 2, a preliminary analysis examined pre-stimulus changes in arousal
(SCL) from the first train presented, and compared this with the across-train
averages. Correlations between measures indicated the paradigm was suitable for
exploring the CNV as a possible correlate of the tonic OR. To compare the
electrodermal data with the CNV, analogous EEG data were also averaged (within
subject) across trains for each trial position.
74

4.2

General Hypotheses
The primary hypothesis of this thesis is that the LPC will show a stimulus-

response pattern analogous to that of the SCR-OR, and that the patterning of its
underlying PCA-extracted sub-components will be fractionated by different
aspects of voluntary and involuntary processing. Although only subject to a
preliminary analysis, stimulus-response patterns for the ERP components
preceding the LPC are expected to indicate similarities with those of other ANS
measures described in PPT, but not examined here. It was also expected that the
pre-stimulus CNV would represent an ERP analogue of the tonic OR, currently
indexed in PPT by SCL.
If these links are found to be feasible, that will provide the first theoretical
interpretation of the functional significance of the ERP complex itself, rather than
a theory of the underlying components (i.e. P1, N1, P2, N2, LPC and CNV),
which would then allow predictions to be made across a range of paradigms. In
addition, these data will provide a window into the neural substrates that underlie
the ANS stimulus-response patterns, which will in turn allow the further
development of PPT.
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CHAPTER 5 : STUDY 1 – AN
INVESTIGATION OF ERP INDICES OF
THE PHASIC OR IN A LONG ISI ANSTYPE HABITUATION PARADIGM
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5.1

Introduction2
Many studies examining the late positive complex (LPC/P300) of the ERP

have employed variants of the “oddball” paradigm, in which subjects may be
asked to attend (e.g., count or button press), or allowed to ignore, deviant stimuli
randomly presented within a series of homogeneous stimuli. The most
commonly-cited interpretation of LPC elicitation, “the context updating
hypothesis”, was proposed by Duncan-Johnson and Donchin (1977) and Johnson
and Donchin (1978). They noted that LPC elicitation was associated with the
processing of novel and task-relevant stimuli, and that this information was
incorporated into the schema or neuronal model of the stimulus in a process they
termed context updating. The context-updating hypothesis has inspired a great
body of literature, but converging evidence from a large number of sources
suggests that more than one sub-component contributes to the LPC (e.g. Barry &
Rushby, 2006a, 2006b; Bledowski et al., 2006; Dien et al., 2004; Halgren et al.,
1995a, 1995b; Knight, 1996a; Simons et al., 2001; Spencer et al., 2001),
questioning the conceptualisation underlying the monolithic theory. Polich (2007)
and Dien et al. (2004) have recently noted that renewed efforts are required by
researchers to develop a theoretical interpretation of the functional significance of
the LPC, based on its underlying sub-components.
There is general agreement in the oddball literature that two subcomponents, the P3a and P3b, contribute maximally to the LPC. Each component
2

The SCR and ERP data from this study have been submitted for publication as: Rushby, J.A. &

Barry, R.J. Single trial event-related potential correlates of the orienting reflex to significant
stimuli. The helpful comments of two anonymous referees on a previous version of the article are
acknowledged.
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has been shown to be elicited by all deviant events – i.e. whether novel, attended
or ignored (Dien et al., 2004), but the P3b is further enhanced in attend compared
with non-attend tasks. An additional SW component is also reported as being
contemporaneous with the P3a and P3b for some attend tasks. Theoretical
interpretations for each of these sub-components currently centre on their
individual sensitivities to stimulus parameters (i.e. P3a – stimulus salience; P3b –
stimulus significance, context updating; SW – task difficulty). It is understood
that the LPC represents, at least in part, a summation of these sub-components,
but there is currently no theoretical interpretation of the LPC which can
incorporate its underlying sub-components.
Recently, using the autonomic SCR as the OR model, Barry and Rushby
(2006a) examined the LPC in a short-ISI equivalent of a Go/NoGo task. Acrosssubject mean SCRs showed larger responses to significant (Go) compared with
indifferent (NoGo) stimuli, and exponential response decrement over trials, as
expected from the OR perspective. Separate sources were shown to be
representative of the P3a and P3b sub-components, that differed for Go vs. Nogo.
These results supported the conceptualisation of the non-target and target stimuli
as indifferent vs. significant, respectively producing involuntary vs. voluntary
ORs (Maltzman, 1979a, 1979b). There was substantial source overlap at trial 1,
and these common sources showed exponential decrement over trials, suggestive
of the Novelty P3 in the initial response to both stimulus types. These trials
effects correlated substantially with the corresponding electrodermal OR trials
effects. Barry and Rushby (2006a) speculated that future research could
profitably seek linkages between the P3a and cardiac deceleration (i.e., aspects of
the involuntary OR), the P3b and cardiac acceleration (i.e., aspects of the
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voluntary OR), and the Novelty P3 and respiratory pause (i.e., coding novelty
effects), in the context of the autonomic response fractionation described in PPT
(Barry, 1996, 2006). Of relevance to the current study are the cardiac responses
associated with involuntary vs. voluntary ORs: deceleration with the former, and
an additional acceleration with the latter; importantly neither of these habituate.
In contrast, respiratory pause at stimulus onset shows marked response decrement
with stimulus repetition, acting as a novelty index, but does not show such
involuntary/voluntary differences.
For the current study, the SCR OR-yardstick, and the evoked cardiac
response, were utilised to explore the major components of the ERP (P1, N1, P2,
N2, LPC) in a variant of the classic habituation paradigm, in which one series of
twelve significant auditory stimuli was presented with a fixed ISI of 2 minutes.
There has been very little examination of ERPs in single trial studies (e.g.
Molenaar and Roelofs, 1987; Verbaten, 1983), and less with concurrent
examination of the SCR (e.g. Kenemans, 1989; Rösler, Hasselmann, & Sojka,
1987). Findings have been mixed, with some showing a relationship between
measures only for passive tasks, and others only for active. The examination of
stimulus repetition effects in ERP response patterns has largely been hindered by
the ERP-averaging method. The ERP is embedded in the spontaneous activity of
the EEG and is not easily recognised in a single sweep (Britton, Jervis, &
Grünewald, 2000; Heinrich, Dickhaus, Rothenberger, Heinrich, & Moll, 1999).
Therefore time locked averaging is usually performed in order to improve the
signal-to-noise ratio. This is based on the assumption that the synchronous time
locked responses are not correlated with the background EEG (Effern, Lehnertz,
Grunwald, Fernandez, David, & Elger, 2000). There have been some
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investigations aimed at extracting ERPs at the level of single trials. These
methods generally incorporate some type of EEG de-noising of the ERP; e.g. by
wavelet analysis (Molenaar & Roelofs, 1987; Quian Quiroga & Garcia, 2003),
narrow-band digital filtering, or Fourier transforms (Verbaten, 1983; Zimmer,
2002; Zimmer & Demmel, 2000), or methods aimed at EOG and other artefact
removal (Kenemans, Verbaten, Melis, & Slangen, 1992; Kenemans et al., 1989;
Woestenburg et al., 1983). As yet there is no definitive methodology suggested as
being optimal for their quantification, and those described are rarely replicated.
In a recent study, examining the timing of caffeine effects on arousal levels
(Barry, Clarke, Johnstone, & Rushby, 2008), participants were signalled by a brief
tone at two minute intervals to alternately close or open their eyes. It was
serendipitously observed that clear single trial ERPs were elicited by each tone
over the duration of the task. Inspection of individual data indicated that most
participants showed reliable ERPs, composed of the classic P1, N1, P2, N2, LPC
waveform, to each stimulus presentation (Barry & Rushby, 2006b). This
suggested that single trial ERPs may be a robust phenomenon at such long ISIs,
and not subject to the SNR issues common at short ISIs. Those single-trial ERPs
from the non-caffeine (placebo) condition are the focus of the first study.
Baseline-to peak measures were first derived for each of the ERP
components for each subject, and compared with the ANS measures. The poststimulus segment of the ERP was also decomposed with principal components
analysis (PCA). Each component extracted by the PCA was also compared with
the autonomic responses. It is expected that the LPC will show a stimulusresponse pattern analogous to the SCR-OR, and that the patterning of its
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underlying PCA-extracted sub-components will be fractionated by different
aspects of voluntary and involuntary stimulus processing.

5.2

Method

5.2.1

Participants
Twenty-two university students participated in the experiment as one means

of fulfilling a course requirement. After excluding four participants (see section
5.2.4 below), the data of 18 were used in the study (age 17 – 36, mean 22 years;
16 female; 17 right-handed). The procedure was explained and written consent
obtained in accordance with a protocol approved by the joint Illawarra Area
Health Service/University of Wollongong Human Research Ethics Committee,
and in line with the Declaration of Helsinki (WMO, 1996). Subjects were
required to complete a demographic and screening questionnaire, and only those
with normal hearing participated. Individuals with a history of seizures,
psychiatric illness or severe head injury were excluded, as were those currently
taking psychoactive drugs.
5.2.2

Procedure
Participants were seated in a dimly lit air-conditioned testing booth and

instructed to keep their eyes fixated on a cross displayed on a computer monitor
placed 1.5 m in front of them. Acoustic stimuli consisted of 1000 Hz tones with a
duration of 50 ms (15 ms rise/fall times) at 80 dB SPL intensity, and were
transduced binaurally through stereo headphones. Participants were instructed to
alternately close (EC), then open (EO), their eyes each time a tone was presented.
Tones were presented at two minute intervals, for a period of 24 minutes.

The

first tone presented signalled the first EC. Since participants were instructed to
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open or close their eyes, ocular artifact could not be completely controlled.
Subjects were asked to fixate on the cross during the EO conditions.
5.2.3

Physiological Recording
A PC-based digital signal-processing hardware and software package from

Associative Measurement (AMLAB II), with 16 bit A/D conversion, was used for
the acquisition and storage of data.
Electrodermal Activity
Skin conductance was recorded from silver-silver chloride (Ag/AgCl)
electrodes, filled with electrode paste of 0.05 M NaCl in an inert ointment base,
placed on the distal volar surface of digits II and III of the non-dominant hand.
The electrode pair forming part of the input circuit was excited by a constant
voltage of 0.5 V, and the current change representing conductance was recorded
using a DC amplifier. Skin conductance within a range of 0 – 50 μS (resolution
0.002 μS) was sampled continuously at 64 Hz.
Electrocardiogram
Heart rate was recorded via an electrocardiogram using a pair of pre-jelled
Ag/AgCl electrodes at mid-sternum and over the third rib on the left mid-axillary
line.
Electroencephalogram
EEG was recorded from 19 scalp sites using an electrode cap referenced to
linked ears and grounded by the cap electrode located mid-way between Fpz and
Fz. Vertical eye movement (vEOG) was monitored with tin cup electrodes placed
2 cm above and below the left eye. Horizontal eye movement (hEOG) was
monitored with tin cup electrodes placed on the outer canthus of each eye.
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Impedance was always less than 5 k

for cap electrodes and less than 3 k

for

EOG and reference electrodes. Scalp potentials were amplified 20,000 times, and
EOG 5,000 times, with a bandpass down 3 dB at 0.01 and 35 Hz, and digitised at
a rate of 512 Hz.
5.2.4

Data Extraction

SCRs
The raw SCR traces were epoched offline in 8 s epochs commencing at
stimulus onset. Each response was quantified for each subject, for each trial (1 –
12), as the difference between the value obtained at response onset (within the 1 –
3 s post-stimulus interval) and the maximum value of the subsequent peak. These
data were then square-root transformed to reduce the skew typically associated
with small SCRs (Barry & Sokolov, 1993).
ECRs
The output from a software R-wave detector was used to compute R-R
interbeat intervals. These were converted to HRs and then averaged in 0.5 s
intervals for the 20 s epoch commencing 10 s prior to stimulus onset.
ERPs
The continuous data were low pass filtered (30 Hz, zero-phase shift, down
24 dB) and epoched offline using Neuroscan software (Compumedics, Version
4.3) for the 500 ms pre- to 500 ms post-stimulus period. The data were visually
inspected and only those participants whose data displayed discernable ERPs for
each of the 12 trials examined were included in the analysis. This criterion
excluded four potential participants, primarily due to excessive alpha activity
obscuring individual peaks, leaving the eighteen participants (as described above)
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for the subsequent analysis. ERP peak amplitudes and latencies were obtained for
the P1 (20 – 90 ms range), N1 (90 – 150 ms), P2 (150 – 200 ms), N2 (200 – 250
ms) and LPC (250 – 450 ms) components, relative to the 100 ms pre-stimulus
baseline. These measurements were made automatically in Neuroscan using a
program that allowed manual confirmation/adjustment.
PCA
The PCA was performed on the 500 ms post-stimulus segment of the ERP
data described in section 5.1. The original number of cases (18 participants x 12
trials x 17 sites = 3672) and variables (256 digitised points) were submitted to a
covariance matrix PCA followed by a varimax rotation, utilising the SPSS
statistical package version 11. Kayser and Tenke (2003) have shown that
standardizing PCA loadings before rotation is likely to produce artificial factors,
whereas the unstandardised components lead to more distinctive time courses (i.e.
lower secondary loadings), allowing better factor interpretation. Therefore, the
unstandardised loadings were input to the varimax rotation. Factor scores, which
reflect the product of the factor coefficient matrix multiplied by the point
amplitude for each case entered into the PCA (i.e. each ERP) were generated in
SPSS for each of the extracted factors. Because the factor scores are directly
related to component amplitudes, they may be employed subsequently in any
statistical analysis reflecting the study design (Picton et al., 2000).
5.2.5

Statistical Analysis
The design was a within-subject study of response decrement over trials 1 to

6 for each instruction The data were analysed in a series of repeated-measures
ANOVAs, with factors of instruction (eyes-closed versus eyes-open; EC vs. EO),
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and trials (1 – 6 within each of EC and EO). Within trials, simple planned
contrasts were examined to obtain linear and quadratic trends over trials. The
baseline-to-peak measures for each of the ERP components, the PCA extracted
factor scores, the SCRs, and the ECR trends over time (i.e. the time points
building the HR response, which were taken as half-second points within the 0 – 3
s time period for the ECR1, and the 3-6 s time period for the ECR2), were subject
to the same analyses. In addition, analysis of the ERP measures from the nine
central sites included examination of topography, with coronal plane [left (F3, C3,
P3), midline (Fz, Cz, Pz) and right (F4, C4, P4)] and sagittal plane [frontal (F3,
Fz, F4), central (C3, Cz, C4) and parietal (P3, Pz, P4)] as repeated-measures
factors for each component. Planned contrasts within the coronal plane compared
the left vs. right regions, and the midline vs. the mean of the left and right sites.
Within the sagittal plane, frontal vs. parietal regions, and central sites vs. the mean
of the frontal and parietal sites, were analysed. These planned contrasts provide
optimal information on the topographic distribution of the amplitude of each
component. Since the contrasts were planned and there were no more of them
than the degrees of freedom for effect, no Bonferroni-type adjustment to

was

necessary (Tabachnick & Fidell, 1989). Also, Greenhouse-Geisser type
correction was not necessary because single degree of freedom contrasts are not
affected by the violations of symmetry assumptions common in repeatedmeasures analyses of physiological data. In order to interpret scalp distributions
for the LPC within each trial, where there was a significant main effect of
condition, the data were normalised using the vector-scaling method described by
McCarthy and Wood (1985). Only those condition-related interactions with

85

topography that remained significant in the analysis of the normalised data are
reported here. All tests reported have (1, 17) degrees of freedom.

5.3

Results

5.3.1

Skin Conductance Responses (SCRs)
Figure 5.1, upper panel, illustrates the average evoked SCRs for each

instruction, EO vs. EC. Both responses show the ~ 1.8 s stimulus onset typical of
SCRs. Resolution of the response for the EC condition is typical, however it is
somewhat reduced for the EO task. This effect may be the result of a tonic state
change due to the continuous visual input in the EO state.
Across subject normalised SCR averages over trials 1 – 12 are illustrated in
the centre panel of Figure 5.1, and corresponding averages for each instruction are
illustrated in the lower panel.
Response decrement over trials was apparent in both linear (F = 15.73, p <
0.001) and quadratic (F = 21.28, p < 0.001) trends. There was a small effect of
instruction, being a tendency for larger amplitudes in the EC condition compared
to the EO (F = 4.16, p = 0.057). There was no interaction between trial and
instruction (EC vs. EO) for SCR amplitudes.
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Figure 5-1. Grand average SCRs illustrated separately for the eyes-closed and eyes-open
conditions (upper panel). The middle panel illustrates across subject average SCRs over trials 1 –
12. Corresponding over trial averages for each instruction (EC trials – 1, 3, 5, 6, 9 ,11, and EO –
2, 4, 6, 8, 10 ,12) are shown in the lower panel.
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5.3.2

Evoked Cardiac Responses (ECRs)
The mean evoked cardiac response is illustrated in the upper panel of Figure

5.2 for the 10 s pre/post-stimulus segment of the epoch. A biphasic wave pattern
is apparent, consisting of an initial cardiac deceleration (ECR1) followed by a
subsequent acceleration (ECR2), that is usually reported with significant stimuli
(Barry, 1988; Barry & Mitchell, 1986). Across-subject averages for the mean of
each trial pair (1/2, 3/4, etc.) are illustrated in the lower panel of Figure 5.2.
Relative data are illustrated. The ECR1 and ECR2 trends over time were
separately examined over trials for the segments of the epoch highlighted in
Figure 5.2 (upper panel).
A significant quadratic trend over time was shown for the ECR1 (F = 28.98,
p < .001). This did not differ with trial or instruction. A significant quadratic
trend over time was also shown for the ECR2 (F = 6.49, p < .05) that again, did
not differ with trial or instruction.

88

80

ECR2

HR (BPM)

78

76

74
ECR1

72

-10

-5

0

Time (s)

5

10

6
Relative
HR (BPM)

4
2
0
-2
-4

1,2

3,4

5,6

7,8

9,10

11,12

Figure 5-2. The upper panel illustrates the evoked cardiac responses for the 10 second pre and
post stimulus period. The ECR1 and ECR2 are highlighted. Across subject averages for the
relative mean of each trial pair (1/2, 3/4, etc.) are illustrated in the lower panel for the 6 s poststimulus period.
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5.3.3

Event-Related Potentials (ERPs)
A random selection of single trials, from different participants, are

illustrated in the upper panel of Figure 5.3 for the 200 ms pre- to 500 ms poststimulus segment of the epoch. The single trials were selected by first drawing a
subject number, followed by a trial number; trial number was replaced for each
new selection, but subject number was not. It can be seen that subjects showed
robust single trial ERPs, with clearly discernable P1, N1, P2, N2, and P3
components. Grand average ERPs for the midline sites, over trials and subjects,
are shown in the lower panel of Figure 5.3. As is typical of ERP averaging, much
of the individual ERP detail has been obscured. A single prominent negativity is
evident, indicating an overlap with the N1, P2 and N2 components, followed by a
large LPC.
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Figure 5-3. Upper panel: Randomly selected single trials from different subjects. The data are
illustrated at midline sites for the 500 ms post-stimulus period. Lower panel illustrates grand
means for each instruction at Fz, Cz and Pz for the same period.
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The left column of Figure 5.4 illustrates topographic head maps (following
Lim et al., 1996) derived from the across-subject mean amplitudes for the P1, N1,
P2, N2 and LPC components. The right column shows averages over consecutive
pairs of trials at the midline sites, and the mean effect for instruction.
P1
The P1 was a positive component with a peak latency of approximately 60
ms and an apparent equipotential topography. The statistical analysis showed that
amplitudes were slightly larger for the mean frontal/parietal sites compared with
central sites (F = 3.4, p = 0.08). There were no other significant effects of
topography. As can be seen in Figure 5.4 (Panel A), there was no evidence of
response decrement over trials, or effect of instruction (EC vs. EO) for the P1
baseline-to-peak amplitude measures. There was no interaction between trials and
instruction.
N1
The N1 component was a central negativity peaking at approximately 130
ms. As can be seen in Figure 5.4 (Panel B) amplitudes were larger at posterior
than frontal sites (F = 5.0, p < 0.05), and largest at central sites (F = 21.4, p <
0.001). Amplitudes were enhanced for the midline compared with the mean of the
left/right hemispheres (F = 9.9, p < 0.01). A sagittal by lateral interaction shows
that the N1 amplitude was enhanced for the left compared with the right
hemisphere at frontal sites (F = 4.9, p < 0.05). Overall N1 amplitude was largest
at the vertex (F = 15.3, p < 0.001). There was no evidence of response decrement
over trials, effect of instruction, or their interaction, for the N1 baseline-to-peak
amplitude.
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Trial

Figure 5-4. Baseline-to peak amplitude measures are illustrated for each component examined
(i.e. Panel A – P1, B – N1, C – P2, D – N2 and E – LPC). The left column illustrates topographic
headmaps; the electrode placement is shown on the first headmap. Over trials, amplitudes are
shown for the midline sites, with the mean effect for instruction.
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P2
The P2 component (Figure 5.4, Panel C) shows a central maximum
positivity peaking at approximately 150 ms. Amplitudes were larger at central
then frontal/parietal sites (F = 6.9, p < 0.05) and in the midline compared with the
mean of the hemispheres (F = 10.8, p < 0.01). There were no effects of trials,
instruction, or their interaction.
N2
As is often the case in studies that elicit large positive components, for the
majority of subjects the N2 was found on the descending slope of the P2. In terms
of relative negativities, the N2 component showed a vertex minimum with a peak
latency of approximately 200 ms. Amplitudes were smaller at central than
frontal/parietal sites (F = 9.4, p < 0.01) (see Figure 5.4, Panel D), and the midline
compared with the hemispheres (F = 12.3, p < 0.001). A sagittal by lateral
interaction showed that amplitudes were greater in the left compared with the
right hemisphere at frontal compared with parietal sites (F = 13.2, p < 0.01).
There was an interaction between the linear trend over trials, instruction, and a
lateral contrast (F = 7.0, p < 0.05). This was associated with a reduction in
amplitude in the midline compared with the hemispheres for the EC trials, that
was not evident for EO trials. There were no other significant effects for the N2
baseline-to-peak amplitudes.
LPC
The LPC showed a centro-parietal positivity with a peak latency of
approximately 350 ms. Amplitudes were larger at posterior than frontal sites (F =
7.9, p < 0.05) and largest centrally (F = 30.6, p < 0.001) (see Figure 5.4, Panel E).
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Amplitudes were enhanced for the midline sites compared with the hemispheres
(F = 29.4, p < 0.001). Sagittal by lateral interactions show that the midline
enhancement was larger at posterior than anterior sites (F = 5.5, p < 0.05) and
largest centrally (F = 5.5, p < 0.05). Amplitudes were larger for the left than right
hemisphere at central sites (F = 5.4, p < 0.05). There was no significant response
decrement over trials, no effect of instruction, and no interaction between trial and
instruction for the LPC baseline-to-peak measures.
5.3.4

PCA Derived Components
Fourteen factors were extracted, which accounted for 98.1 % of the variance

in the data. The factor loadings for factors 1-10 are illustrated in the upper panel
of Figure 5.5. Virtual ERPs were constructed for each factor extracted. Virtual
ERPs provide a visual reconstruction of the ERP component represented by each
factor extracted. These were calculated following Dien (1998) and Dien and
Frishkoff (2005), by taking the product of: 1. the standard deviation of the raw
data across subjects (for each trial and each electrode site separately), 2. the factor
scores of each component (extracted for each trial and each electrode site
separately), and 3. the voltage-corrected factor loadings. Visual inspection of the
virtual ERPs and their overall topography was initially utilised to identify and
label the ERP components that corresponded to the extracted factors. Five factors
were tentatively identified as: Factor 1 – P3b (22.2 % explained variance), Factor
3 – P3a (6 %), Factor 4 – N1 (4 %), Factor 5 – N2 (4 %), and Factor 10 – Novelty
P3 (5%). Factor 2 – ocular artefact (42.8 %) – appears to reflect eye movements
following the instructions. The factor loadings for these components are
highlighted in Figure 5.5 (upper panel). The other components were suggestive of
P1, P2, and perhaps other N1s, but due to the large amount of between-subject
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jitter and small amount of variance involved (1 – 2 %), these were not examined.
Virtual ERPs for each of the six factors examined are illustrated in the lower
panels of Figure 5.5. Each ERP component is illustrated at the six sites where the
component amplitude appeared largest. The virtual ERPs from Factor 2 differed
by polarity and topography for the EC compared with the EO instruction, and are
illustrated separately. The appropriateness of the nomenclature used here to label
the components that were examined is assessed in the subsequent descriptions
below.
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Figure 5-5. Factor loadings for each component extracted are illustrated in the upper panel. The
components that were subsequently examined are labelled and highlighted in bold. Virtual ERPs
for the 6 factors examined are illustrated in the lower panel. The six scalp sites of maximal
amplitude are illustrated for each component, for the 500 ms post-stimulus segment of the epoch.
Factor 2 illustrates mean eyes open (negative activity) and eyes closed (positive activity) data to
illustrate the marked difference in this factor for instruction.
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The upper panel of Figure 5.6 illustrates topographic head maps derived
from the across-subject mean factor scores for the N1, P2, P3a, P3b and Novelty
P3 components for each instruction. The topographic distribution for the ocular
artefact component is also illustrated. The lower panel shows averages over
consecutive pairs of trials for each component.
N1
As can be seen in Figures 5.5 and 5.6 (lower panels), Factor 4 was a vertex
negativity peaking at approximately 150 ms. Factor 4 showed a topographic
distribution similar to the N1 baseline-to-peak measure. Amplitudes were larger
at posterior than frontal sites (F = 7.4, p < 0.05), and largest centrally (F = 38.4, p
< 0.001). Amplitudes were enhanced for the midline compared with the
hemispheres (F = 8.9, p < 0.01). Overall amplitudes were largest at the vertex (F
= 4.5, p < 0.05). There were no significant effects of trial, instruction, or their
interaction for the N1 component.
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Figure 5-6. Topographic head maps derived from the across subject mean factor scores for the
P3b, ocular artefact component (labelled “Eyes”), P3a, N1, N2 and the Novelty P3. The upper
panel illustrates means for each instruction, and the lower panel shows trails of interest. Peak
latencies are shown on the right. The scale for the factor scores is a unitless dimension.
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N2
Factor 5 reflected a frontal negative component that peaked at
approximately 200 ms, suggesting it is the N2 (see Fig. 5.5, lower panel). The
topographic distribution for this factor, however, differed from that of the
baseline-to-peak component. Amplitudes were larger at frontal than posterior
sites (F = 4.6, p < 0.05). A sagittal by lateral interaction showed that amplitudes
were enhanced in the midline compared with the hemispheres for frontal sites, and
reduced for posterior sites (F = 39.6, p < 0.001) (see Fig. 5.6). Although there
appears to be some evidence of response decrement for the N2 component, there
were no significant effects of trial, instruction or their interaction.
P3a
Factor 3 was a fronto-central positivity that peaked at approximately 270 ms
(see Fig. 5.5, lower panel). Amplitudes were larger at frontal than posterior sites
(F = 17.4, p < 0.001), at central than frontal/posterior sites (F = 8.8, p < 0.01), and
at midline compared with the hemispheres (F = 7.1, p < 0.05). The early midline
fronto-central topography of this factor suggests that it corresponds to the P3a.
There was a main effect of instruction (F = 5.33, p < 0.05), and as can be seen in
Figure 5.6 (upper panel), this was associated with an enhanced amplitude for the
EC compared with the EO trials. There were no other significant effects or
interactions for the P3a.
P3b
As can be seen in Figure 5.5 (lower panel), Factor 1 was a large centroparietal positive component that peaked at approximately 350 ms. Amplitudes
were larger at posterior than frontal sites (F = 6.5, p < 0.05), and centrally
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compared with the mean of frontal/posterior sites (F = 72.4, p < 0.001) (see
Figure 5.6). A midline maximum was also apparent (F = 48.3, p < 0.001). The
topographic distribution, latency, and polarity of Factor 1 suggest that it reflects
the P3b component. There was a slight tendency for response decrement over
trials for the P3b, shown in a weak linear trend (F = 3.4, p = 0.083). An effect of
instruction approached significance (F = 4.1, p = 0.059). A linear trend over trials
by instruction interaction showed that a reduction in response amplitude over
trials occurred for the EO instruction, but not for EC (F = 4.9, p < 0.05). This
effect was strongest at frontal (F = 7.7, p < 0.05) and central sites (F = 6.9, p <
0.05).
Novelty P3
A shown in Figure 5.5 (lower panel) factor 10 was a positive component
that had a peak latency of 400 ms. There were no significant topographical effects
in this component. There was a linear trials effect (F = 6.3, p = 0.05), and as
shown in Figure 5.5, this reflected a global reduction in amplitude over trials.
There were no other significant effects or interactions for this component. It is
tentatively suggested that this component may represent the Novelty P3, and this
will be substantiated further in the subsequent discussion.
Ocular Artefact
To illustrate the marked difference for instruction associated with Factor 2,
Figure 5.5 (lower panel) shows mean virtual ERPs for both eyes closed (positive
activity) and eyes open (negative activity) instructions. As can be seen in Figure
5.5, Factor 2 showed a peak latency of 490 ms. Amplitudes were maximal at
frontal sites (F > P: F = 7.6, p < 0.05; F/P > C: F = 64.3, p < 0.001), and were
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larger in the hemispheres compared with the midline (F = 52.0, p < 0.001) (Fig.
5.6, upper panel). Despite the obvious polarity inversion in the virtual ERPs with
instruction, there were no significant main effects of instruction or repetition for
the eye-movement factor. However, their interaction indicated a reduction in
amplitude over trials, that was stronger for the EO compared with the EC
instruction (F = 4.5, p < 0.05). This occurred primarily in posterior regions (F =
7.8, p < 0.05), suggesting that the differential frontal activity remained unchanged
across trials. There were no further interactions for this component.

5.4

Discussion

The primary aim of this study was to compare the LPC and its underlying
sub-components with the SCR OR-yardstick in a long ISI habituation paradigm.
In addition an exploratory analysis, comparing phasic HR responses with the
ERPs, was also included.
As expected, the SCRs showed evidence of response decrement to stimulus
repetition (Barry, 2004; Barry & Sokolov, 1993). There was a tendency towards
an effect of instruction, with responses being larger to the EC compared with the
EO instruction, but this appears primarily due to an order effect, as all participants
started with the EC instruction.
A biphasic HR response was elicited, consisting of an initial deceleration
(ECR1) followed by a subsequent acceleration (ECR2), as is expected for
significant stimuli such as these (Barry, 1988; Barry & Mitchell, 1986). The
ECR1 was elicited by every tone and did not differ in magnitude over trials.
ECR1 is operationalised in PPT as an index of stimulus registration/detection, and
this was supported here. The ECR2 is conceptualised in PPT as an index of
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stimulus significance. As there were no differences in stimulus significance over
trials, as expected, the magnitude of the ECR2 did not differ over trials. There
was no difference in either HR response pattern for the EO/EC instructions.
Baseline-to-peak measures for the P1, N1, P2, N2 and LPC components of
the ERP were examined initially. The P1 was a small positivity showing a fairly
global topography. The N1, P2 and N2 components all showed a central
maximum with the expected negative/positive/negative polarity, although the
topographic distribution of the N2 component may have been confounded by
strong overlap with the P2. The LPC showed a centro-parietal positive maximum.
The polarity and topographic distribution for each of these components were
generally in line with those usually reported in the literature (Fonaryova Key et
al., 2005). Each participant examined showed some evidence of each of these
components on each of their individual trials. The data were then examined with
PCA. Five factors were identified that corresponded to the N1, N2, P3a, P3b and
Novelty P3 components. An additional late component, that reflected eye
movements, was also identified. The baseline-to- peak measures, in conjunction
with their PCA derived counterparts, are discussed in relation to the stimulus
response pattern shown by the autonomic yardsticks.
It has been proposed previously that the LPC represented an ERP index of
the OR (Barry, 2006; Donchin et al., 1984). Contrary to expectations, no
relationship between this measure and the SCR OR-yardstick was found in the
current study. The lack of co-variation may be due in part, to ocular activity
induced by the EC/EO instructions, although the factor extracted by the PCA
indicated that ocular activity was maximal following resolution of the P3
components. Recent reports in the „oddball‟ literature have suggested that only
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two phasic sub-components, the P3a and the P3b, contribute to the LPC (Dien et
al., 2004). The PCA however, suggested that three phasic positivities contributed
to the LPC in this habituation paradigm, that appear to correspond to the P3a, P3b
and the Novelty P3 components suggested in Barry and Rushby (2006a).
The P3a showed the fronto-central topography, and peak latency of
approximately 270 ms, usually reported for this component. The P3b showed the
expected centro-parietal midline maximum, and longer (350 ms) peak latency.
There was no evidence of habituation for either component. The P3a and P3b
components both showed reduced amplitudes for trials that signalled the EO
instruction compared with trials that signalled EC. These effects are most likely
an artefact of the task, due to the differential visual input over trials. It is a well
established finding that EEG alpha power is reduced when participants switch
from an EC to an EO state (e.g., Gale, Coles, & Boyd, 1971; Legewie, Simonova,
& Creutzfeldt, 1969). Barry, Clarke, Johnstone, Magee and Rushby (2007)
recently examined power changes in each of the major EEG bands (i.e. delta,
theta, alpha and beta) for EC versus EO resting-baseline conditions. Lower
absolute power was found in each EEG band for the EO condition compared with
EC. Topographic changes were also apparent, with reduced lateral frontal delta
and posterior theta, and decreased posterior/increased frontal beta. In contrast, no
focal topographic effects were found for the alpha band, which showed a global
decrease in power. Interestingly, no topographic effects were found for the EO
reduction in the P3a in the current study, linking this component with alpha
activity, whereas a focal frontal reduction was found for the P3b, suggesting a link
with delta power. While background EEG activity in relation to PCA-extracted
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components has not been explored here, these linkages suggest that such
exploration would be productive in future work.
Barry and Rushby (2006a) speculated that future research could profitably
seek linkages between the P3a and the involuntary OR, the P3b and the voluntary
OR, and the Novelty P3 and novelty effects, in the context of the response
fractionation described in Preliminary Process Theory (PPT) (Barry, 1996, 2006).
In PPT the SCR (OR) stimulus-response pattern is seen as the culmination of a
number of preliminary sequential and parallel processes, indexed by other ANS
measures. Of relevance to the current study are the cardiac responses associated
with involuntary vs. voluntary ORs (deceleration with the former, and an
additional acceleration with the latter); importantly, like the P3a and P3b
components, neither of these habituate. In this context, the P3b is not considered
as replacing the P3a, but as an additional component present in task-relevant
responses, paralleling the cardiac acceleration which occurs in addition to the
involuntary cardiac deceleration. In contrast, respiratory pause at stimulus onset
shows marked response decrement with stimulus repetition, acting as a novelty
index, but does not show such involuntary/voluntary differences.
Barry and Rushby (2006a) recently suggested that response decrement
shown in LPC sources may represent the overlap of an additional component, the
Novelty P3. Support for this was shown in the current study. The PCA suggested
that an additional positivity that showed a global topographic distribution, and
evidence of response decrement similar to the SCR OR-yardstick. In contrast to
the P3a and P3b, the Novelty P3 amplitude did not differ by instruction. The
Novelty P3 showed a stimulus-response pattern as expected of a novelty register,
supporting its preliminary co-placement as a Novelty register within PPT. Like
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the ECR1 and ECR2, neither of the P3a and P3b components showed evidence of
response decrement. Although these results tentatively suggest a relationship
between the evoked cardiac responses and the P3a and P3b, further exploration is
beyond the current work. The concurrent examination of the LPC subcomponents with the cardiac and respiratory responses may further support these
linkages and provide a theoretical interpretation of the LPC which can incorporate
its underlying sub-components.
Stimulus-response patterns for the earlier ERP components (P1, N1, P2 and
N2) showed that none were analogous to the SCR OR-yardstick. This was
apparent for both the baseline-to-peak measures and the PCA-derived
components. Research indicates that at least three sub-components may
contribute to the N1 (Näätänen & Picton, 1987). However, only one component
was identified in the PCA in the current study, which showed the vertex
maximum typically described for the non-specific N1 (Näätänen, 1992).
Näätänen suggested that response decrement evident in the N1 to repetitive
stimuli was due to the rapid habituation of the non-specific N1 and the
refractoriness of the supratemporal component. However, like the baseline-to
peak measure, there was no evidence of response decrement for the PCA-derived
N1 component here. The two minute ISI used for this study renders it unlikely
that refractory/recovery cycle effects would have any impact upon component
amplitudes.
The P1 and P2 components each showed a stimulus-response pattern similar
to the N1 component for the baseline-to-peak data, but were not extracted as
identifiable components in the current PCA. Each of these components has been
considered to reflect attentional enhancement (Kenemans et al., 1993; Woldorff &
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Hillyard, 1991), thought to reflect the general level of arousal (Waldo et al.,
1992). In line with this, neither component was analogous to the SCR ORyardstick. There are several ANS measures in PPT that index separate aspects of
stimulus registration/detection processes and phasic arousal effects. The
simultaneous examination of other autonomic indices under a variety of
conditions is necessary before the placement of the P1, N1, and P2 components
within PPT can be fully clarified.
The baseline-to-peak N2 measure showed a central minimum negativity,
however this topographic distribution may have been confounded by the P2
overlap. The PCA-derived N2 component had a frontal maximum negativity, and
again there was no significant evidence of response decrement. The N2 is
considered to represent a short-term memory trace, and is usually examined in a
variation of the oddball task, in which a large number of stimuli are presented,
typically in the hundreds, delivered at very short ISIs (of the order of 1 s), which
are occasionally replaced by acoustically deviant stimuli (about 15%). Two subcomponents have been identified as contributing to the N2 (Näätänen et al., 1993).
A frontal negativity (N2a or MMN) is elicited by the deviant stimuli for
indifferent tasks, that is overlapped by a central negativity (N2b) during attend
tasks. Näätänen proposed that the N2a reflects specific auditory stimulus
discrimination processes, and is a fully automatic cerebral response to a
physically-deviant stimulus, which may reflect the involuntary OR, and the
overlapping N2b may represent the voluntary OR (Näätänen & Gaillard, 1983).
Some support for this proposition has been shown (e.g. Kenemans et al., 1992;
Lim et al., 1999; Weisz & Czigler, 2006). The PCA-derived N2 found in the
current study showed a topographic distribution similar to the N2a, whereas an
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N2b might be expected from the “attend” conditions here. However, no
significant evidence of a relationship between the N2 stimulus-response pattern
and the SCR OR-yardstick was found. The usual N2 paradigm differs markedly
from the habituation paradigm used for the current study, and like the other early
components, further concurrent studies of the N2 with a range of autonomic
measures, in a variety of tasks, is required before this component can be
accommodated in PPT.
In contrast to the oddball literature, three sub-components, that were
representative of the P3a, P3b and Novelty P3, were found to contribute to the
LPC in this study. The SCR OR-yardstick is also defined by properties other than
those examined in this study. For example, response recovery is shown by an
enhanced response to a change stimulus, and dishabituation is evident when an
enhanced response is shown to re-presentation of the repetitive stimulus compared
with the standard preceding the deviant. In addition, these response patterns have
been shown to be augmented by stimulus intensity and stimulus significance.
These other factors will be examined in Studies 2 and 3 (Chapters 6 and 7).
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CHAPTER 6 : STUDY 2 – AN
EXPLORATION OF ACROSS-TRAIN
AVERAGING IN THE SCR
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6.1

Introduction3
For the current study, SCR response patterns will be utilised as the phasic

OR-yardstick to explore the LPC and its sub-components, in the ERP-style
extension of the dishabituation paradigm described in Barry et al. (1992) and
Budd et al. (1998). The dishabituation paradigm extends the simple habituation
design, used for the previous study, by including a change stimulus (after a series
of repetitions) in order to examine response recovery, and re-presentation of the
repetitive stimulus to examine dishabituation. Like the habituation paradigm,
stimulus-response patterns for a large range of autonomic measures have been
extensively explored using the single series paradigm (e.g., Barry & James, 1981,
1982a,1982b; James & Barry, 1980). Of the measures examined then, only the
SCR showed the classic OR response pattern of habituation, response recovery,
and dishabituation. SCR response patterns were further shown to be augmented
by stimulus intensity and stimulus significance, other dimensions important in
defining the OR.
Although across-train averaging has been explored in the SCR (Barry et al.,
1993), the single-train response pattern has never been compared with the acrosstrain average. Hence Study 2 examined the feasibility of utilising across-train
averaged SCRs to examine the corresponding ERPs. The electrodermal data were
analysed in two stages. The first analysis examined trials effects from the first
stimulus train presented. To provide an SCR OR-yardstick to later compare with
the ERPs, analogous data were also averaged (within subject) across trains for
3

This study has been published as part of Rushby, J.A. Barry, R.J. and Doherty, R.J. (2005).

Separation of the components of the late positive complex in an ERP dishabituation paradigm.
Clinical Neurophysiology, 116, 2363-2380.
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each train position. These data were compared with the first train, and assessed
for their suitability to make comparisons with the ERP data. Stimulus intensity
and stimulus significance effects were also examined to provide complete
expectations for potential ERP OR indices in this paradigm.

6.2

Method

6.2.1

Participants
One hundred university students (age 18 – 40, mean 22 years; 82 females)

initially participated in the experiment as one means of fulfilling a course
requirement. The procedure was explained and written consent obtained in
accordance with a protocol approved by the joint Illawarra Area Health
Service/University of Wollongong Human Research Ethics Committee, and in
line with the Declaration of Helsinki (WMO, 1996). Participants were required to
complete a demographic and screening questionnaire, and only those with normal
hearing continued. Participants with a history of seizures, psychiatric illness or
severe head injury were excluded, as were subjects currently taking psychoactive
drugs. Due to ERP exclusion criteria (described in section 5.2.4) seventy two
participants were examined in the subsequent analyses (age 18 – 40, mean 21
years; 61 females).
6.2.2

Procedure
Participants were seated in a dimly lit air-conditioned testing booth and

instructed to keep their eyes fixated on a cross displayed on a computer monitor
placed in front of them. They were asked to minimize eye movements, blinks or
other muscle movements, and to remain as relaxed as possible. Acoustic stimuli
consisted of 1000 Hz tones with a duration of 50 ms (15 ms rise/fall times) at 50
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or 80 dB SPL intensity, and were transduced binaurally through stereo
headphones. Participants were alternately assigned to two conditions: loud-softloud (LSL), which presented trains containing 5 tones at 80 dB followed by one
tone at 50 dB and one tone at 80 dB; or soft-loud-soft (SLS), which presented
trains containing 5 tones at 50 dB followed by one tone at 80 dB and one tone at
50 dB. Within these, alternate subjects were instructed to button press (BP) to the
change tone, or were told they could relax and ignore the tones (non-button press NBP), forming four groups: LSL-BP, LSL-NBP, SLS-BP and SLS-NBP. Each
group was presented with 15 stimulus trains with an 8 s inter-stimulus interval
(ISI) and a 30 s inter-train interval (ITI). The between-subjects design was used
to avoid complications of between-task habituation of the stimuli. The paradigm
is illustrated schematically in Figure 6.1.

Train 1

T1

8s

8s

8s

8s

8s

30 s

8s

T2

T3

T4

T5

T6

T7

ERP 2

ERP 3

ERP 4

ERP 5

ERP 6

ERP 7

Train 2

Train 3

15

ERP 1

Train

Figure 6-1. Schematic illustration of the ERP-style dishabituation paradigm used for the current
study. Fifteen stimulus trains, each consisting of seven stimulus presentations, were presented,
with an 8 s inter-stimulus interval and a 30 s inter-train interval. The change trial (shown in grey)
was always position six. The figure is illustrated for the mean ERPs, however, the same paradigm
was used for the SCRs. The SCRs were analysed in two stages. The first analysis examined trials
effects from the first train presented. To compare the electrodermal data with the ERPs, analogous
data were also averaged (within subject) across trains for each train position (1-7).
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6.2.3

Physiological Recording

Electrodermal Activity
The procedure for recording electrodermal activity was identical to that
outlined in Study 1 (section 5.2.3).
6.2.4

Data Extraction

SCRs
The data were quantified in two stages. The raw SCR traces were epoched
offline in 7.5 s epochs commencing 0.5 s before stimulus onset. Each response
was quantified for each subject, for each trial (1 – 7), for the first train presented,
as the difference between the value obtained at response onset (within the 1 – 3 s
post-stimulus interval) and the maximum value of the subsequent peak. These
data were then square-root transformed to reduce the skew typically associated
with small SCRs (Barry & Sokolov, 1993). To compare the traditional SCR with
the ERP-style averages, analogous data were also averaged (within subject) across
the fifteen trains for each trial (1-7).
6.2.5

Statistical Analysis
The design was a within-subject study of habituation (linear and quadratic

trends were examined to evaluate response decrement over trials 1 to 5), response
recovery to the change trial (responses to trial 6 were compared with trial 5), and
dishabituation (responses to trial 7 were compared with trial 5). Trials 5 and 6
were used to test for the within-subject effects of stimulus intensity (80 dB versus
50 dB), and the between-groups effects of significance (BP versus NP). The data
were analysed with three multivariate analyses of variance (SPSS MANOVA),
each with a between-subjects factor of group (covering 2 levels of significance
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and 2 levels of intensity) and a within-subject factor of trial (trials 1 to 5, 5 and 6,
or 5 and 7).
All F values reported have (1, 68) degrees of freedom unless otherwise
stated.
Correlations
Correlations were obtained for the first-train SCR response pattern over
trials 1 – 7 with the corresponding over-train averages, over all tasks examined (7
points x 4 tasks), and separately within each task (7 points).

6.3

Results

6.3.1

First-Train SCRs
Figure 6.2 (left column) illustrates the across-trains grand average evoked

SCRs for each trial across groups and separately for each group (LSL-BP, LSLNBP, SLS-BP and SLS-NBP – right column). There is evidence of response
decrement across trials 1 – 5, followed by response recovery for the change tone
(trial 6). The increase for trial 7 relative to trial 5, indicating that dishabituation
has occurred, is difficult to see due to the descending slope of the baseline period.
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Figure 6-2. The left column illustrates the grand mean first-train SCRs for each trial 1 – 7, and the
right column illustrates the mean SCRs for each group (LSL-BP, LSL-NBP, SLS-BP and SLSNBP). Data are plotted relative to a 500 ms pre-stimulus baseline period.
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Mean amplitude measures for the SCR (SQ-RT S) are illustrated in Figure
6.3. The upper panel illustrates across-groups mean amplitudes at each trial, the
centre panel shows SCRs as a function of the intensity factor, and the lower panel
shows effects of the significance factor.
Decrement over trials. Response decrement over trials 1 – 5, shown in
Figure 6.3 (upper panel), was apparent in linear (F = 7.8, p < 0.01) and quadratic
(F = 10.0, p < 0.01) trends.
Response recovery. There was a significant increase in response from trial 5
to trial 6 (F = 22.5, p < 0.001). Across trials, responses were larger for loud than
soft tones (Figure 6.3, centre panel: F = 5.5 p < 0.05) and for BP than NBP
(Figure 6.3, lower panel: F = 5.4, p < 0.05). Response recovery was larger for the
loud change than the soft (Figure 6.3, centre: F = 6.5, p < 0.05), and larger for BP
groups compared with NBP (Figure 6.3, lower panel: F = 9.4, p < 0.01).
Dishabituation. There was evidence of dishabituation across groups with
responses being larger on trial 7 than trial 5 (Figure 6.3, upper panel: F = 3.9, p <
0.051).
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Figure 6-3. Mean amplitude measures for the first-train SCRs. The upper panel illustrates acrossgroups mean amplitudes at each trial, the centre panel shows SCRs as a function of the intensity
factor (SLS – grey line, LSL – black line) and the lower panel shows effects of the significance
factor (NBP – grey line BP – black line).
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6.3.2

Over-Train SCRs
Figure 6.4 illustrates the over-train grand average evoked SCRs for each

trial across groups (left column) and separately for each group (LSL-BP, LSLNBP, SLS-BP, and SLS-NBP – right column). Note that there is an overall
reduction in amplitude for the over-trains data compared with the first train.
Similarly to the first train, there is evidence of response decrement across trials 1
– 5, followed by response recovery for the change tone (trial 6). The increase for
trial 7 relative to trial 5, indicating that dishabituation has occurred, is difficult to
see because of the small responses.
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Figure 6-4. The left column illustrates the grand mean SCR for each trial 1 – 7, and the right
column illustrates the mean SCR for each group (LSL-BP, LSL-NBP, SLS-BP and SLS-NBP).
Data are plotted relative to a 500 ms pre-stimulus baseline period. Note the vertical scale
difference on trial 6.
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Mean amplitude measures for the SCR are illustrated in Figure 6.5. The
upper panel illustrates across-groups mean amplitudes at each trial, the centre
panel shows SCRs as a function of the intensity factor, and the lower panel shows
effects of the significance factor.
Decrement over trials. Like the initial train, response decrement over trials
1 – 5, shown in Figure 6.5 (upper panel), was apparent in linear (F = 21.8, p <
0.001) and quadratic (F = 17.3, p < 0.001) trends.
Response recovery. There was a significant increase in response from trial 5
to trial 6 (F = 37.5, p < 0.001). Across trials, responses were larger for loud than
soft tones (Figure 6.5, centre panel: F = 13.3, p < 0.001) and for BP than NBP
(Figure 6.5, lower panel: F = 8.0, p < 0.01). Response recovery was larger for the
loud change than the soft (Figure 6.5, centre: F = 7.7, p < 0.01), and larger for BP
groups compared with NBP (Figure 6.5, lower: F = 20.4, p < 0.001).
Dishabituation. There was evidence of dishabituation across groups, with
responses being larger on trial 7 than trial 5 (Figure 6.5, lower: F = 5.2, p < 0.05).
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Figure 6-5. The upper panel illustrates across-groups mean amplitudes at each trial over-trains,
the centre panel shows SCRs as a function of the intensity factor (SLS – grey line, LSL – black
line), and the lower panel shows effects of the significance factor (NBP – grey line, BP – black
line).
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6.3.3

First-Train vs. Over-Train Comparisons
The correlation analyses demonstrated a strong relationship between the

stimulus-response patterns shown by the first-train SCRs and the over-train
averages, both in the overall means (r = 0.96), and in each of the individual
groups: SLS-NBP (r = 0.80), LSL-NBP (r = 0.76), SLS-BP (r = 0.92) and LSLBP (r = 0.92). Figure 6.6 illustrates the strength of association between measures
for each group.
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Figure 6-6. Mean SCRs for the first train (black) compared with the over-trains averages (grey),
across trials 1-7, for each group examined (SLS-NBP, SLS-BP, LSL-NBP, LSL-BP).
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6.4

Discussion
The results from the first train SCRs were consistent with previous reports

(Barry, 1979; 1996; Barry et al., 1993; Barry & James, 1981; Connolly & Frith,
1978) in showing formal evidence of the habituation process: response decrement
with repeated stimuli, response recovery to a change stimulus, and dishabituation
to re-presentation of the standard stimulus. In addition, the SCR showed stimulus
intensity and significance effects compatible with expectations from the literature
(Barry, 1975, 1982a, 1982b; Barry & Furedy, 1993; Barry & James, 1981;
Germana, 1968; Jackson, 1974). These additional stimulus significance effects
are predicted by PPT, and provide further support for the inclusion of the “cortical
set” steering mechanism, introduced by Barry (1982). The stimulus-response
pattern shown for the over-train averages was almost identical to that of the first
train, demonstrating that the paradigm was suitable for exploring the ERP
correlates of the OR. Hence the across-trains SCR OR-yardstick was utilised to
evaluate both the LPC and its sub-components as potential OR indices in the next
Study.
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CHAPTER 7 : STUDY 3 – AN
EXAMINATION OF THE LPC IN AN ERPSTYLE DISHABITUATION PARADIGM
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7.1

Introduction4
The primary aim of the current study was to determine if any of the separate

components of the LPC show trials effects analogous to that of the SCR in the
dishabituation paradigm. The dishabituation paradigm shows some similarities to
the oddball task, in that a deviant stimulus is included within trains of repetitive
stimuli. For the oddball task, responses are examined in terms of an average of
many responses to the same stimulus type. For the ERP-style dishabituation
paradigm (Barry et al., 1992), many trains of the same stimulus series are
presented and responses are derived in terms of an average, according to trial
position in the train. In contrast to the „oddball‟ literature, Study 1 suggested that
an additional component, the Novelty P3, was also contemporaneous with the P3a
and P3b components. The Novelty P3 showed evidence of linear decrement with
stimulus repetition, which reached asymptote in a manner similar to the SCR, and
appears to represent the Novelty index in PPT. However, response recovery and
dishabituation have yet to be demonstrated in this component. The current study
examined these separable aspects of the OR in the LPC and its underlying subcomponents. In addition, the sensitivities of these components to stimulus
intensity and significance, other stimulus dimensions important in determining the
magnitude of the OR, were also examined.
Baseline-to-peak measures for the LPC were first compared with the acrosstrains averaged SCR OR-yardstick patterns established in the previous study. A
4

This study has been published in: Rushby, J.A. Barry, R.J. and Doherty, R.J. (2005). Separation

of the components of the late positive complex in an ERP dishabituation paradigm. Clinical
Neurophysiology, 116, 2363-2380. The helpful comments of two anonymous referees on a
previous version of the article are acknowledged.
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PCA with varimax rotation was then utilised to examine the separate ERP
components underlying the LPC.

7.2

Method

7.2.1

Participants
Participants are described in Study 2 (section 6.2.1).

7.2.2

Procedure
The experimental procedure is described in Study 2 (section 6.2.2).

7.2.3

Physiological Recording
The electroencephalogram was simultaneously recorded with the

electrodermal activity described in Study 2. The procedure for recording the
electroencephalogram was identical to that outlined in Study 1 (section 5.2.3).
7.2.4

Data Extraction
The continuous waveforms were subjected to an EOG correction procedure

(Semlitsch et al., 1986). Waveforms were epoched offline using Neuroscan
software (Compumedics, Version 3) for the 1000 ms pre-stimulus to 2000 ms
post-stimulus period. All single trials were visually inspected, and trials
containing muscular or other artefact were excluded from further analysis.
Subjects were excluded unless they had at least thirteen epochs per trial, resulting
in 72 subjects (in 4 groups of 18) being included in subsequent analyses.
The mean number of epochs used to generate the ERPs at each trial ranged
from 14.7 to 15.0 and did not differ between groups, F(3, 68) < 1. Across-train
ERP averages were derived for each trial (1 – 7) for each subject. Based on
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inspection of individual subjects, the LPC was defined as the most positive peak
occurring between 260 and 650 ms post-stimulus. Baseline-to-peak measures for
the LPC were computed relative to a 100 ms pre-stimulus voltage, and peak
latencies were defined as the time from stimulus onset to peak amplitude. These
measurements were made automatically in Neuroscan using a program that
allowed manual confirmation/adjustment. Visual inspection of individual subjects
indicated clearly discernable ERPs with the expected morphology in all cases,
indicating adequate signal:noise ratio.
PCA
In order to quantify the peaks underlying the LPC, the epoch range entered
into the analysis was restricted to the 250 to 700 ms post-stimulus period. The
original number of cases (72 subjects x 7 trials x 9 sites = 4536) and variables
(231 digitised points) were submitted to a PCA using methodology identical to
that described in Study 1 (section 5.2.4).
7.2.5

Statistical Analysis
The baseline-to-peak LPC amplitude measures, and the factor scores for

each of the components extracted by PCA, were examined with the same set of
statistical analyses described in Study 2 (section 6.2.5). In addition, each of the
ERP measures was subject to the topographic analysis described in Study 1
(section 5.2.5).
Behavioural Data
A between-groups analysis of variance (ANOVA) for the intensity factor
(loud (L) vs. soft (S) was performed on response times to BP trials.
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Correlations
Correlations were obtained for the SCR averages with each of the mean
ERP response patterns (LPC and PCA-derived components) over all tasks
examined (7 points x 4 tasks), and separately within each task (7 points).

7.3

Results

7.3.1

Behavioural Data
Mean reaction time (RT) for a correct BP at the change trial was 535 (SD

175) ms. RTs were significantly shorter to the loud (470 ms) than the soft target
(600 ms; F (1, 34) = 9.56, p < 0.05).
7.3.2

ERPs
Grand average ERPs at the midline sites (Fz, Cz, Pz) for each group (LSL-

BP, LSL-NBP, SLS-BP and SLS-NBP) for trials 1 – 7 are illustrated in Figure
7.1. There is evidence of a pre-stimulus CNV at trials 2 and 7 for the two BP
groups, and trial 6 for the LSL-NBP group. Post-stimulus there is a prominent
fronto-central N1 component peaking at approximately 140 ms, followed by small
amplitude P2 and N2 components, and a large centro-parietal positivity (LPC)
peaking at about 350 ms. At frontal sites a large negativity follows the LPC and
continues to the end of the epoch.
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Figure 7-1. Grand average ERPs at the midline sites (Fz, Cz, Pz) for each group (LSL-BP, LSLNBP, SLS-BP and SLS-NBP) for trials 1 – 7. The data are illustrated for the 1000 ms pre-stimulus
to 2000 ms post-stimulus segment of the epoch. The dashed lines mark the segment of the epoch
entered into the PCA. The data in this figure were baselined relative to a -1000 ms to -900 ms prestimulus period to illustrate the CNV; analyses of peaks used a 100 ms pre-stimulus voltage
baseline.

129

Latency
Over trials (1-5) shorter latencies were shown at central sites (M = 342 ms,
SD = 26 ms) compared with the mean of the parietal and frontal sites (M = 345
ms, SD = 36 ms; F = 11.1, p < 0.01). Latencies were shorter for NP (M = 338 ms,
SD = 36 ms) than BP groups (M = 351 ms, SD = 36ms; F = 9.2, p < 0.01). There
were no latency differences for the intensity factor. Over trials 5 and 6, latencies
were shorter at frontal (M = 361 ms, SD = 41 ms) than parietal sites (M = 372 ms,
SD = 42 ms; F = 14.6, p < 0.01). Latencies were longer for the change trial (T6:
M = 396 ms, SD = 48 ms) compared with the trial preceding the change (T5: M =
335 ms, SD = 36 ms; F = 103.6, p < 0.001), and this effect interacted with both
intensity and significance. Longer latencies were shown for the soft change (T5:
M = 334 ms, SD = 40 ms; T6:M = 438 ms, SD = 59 ms) than the loud change (T5:
M = 336 ms, SD = 32 ms; T6: M = 355 ms, SD = 54 ms; F = 39.1, p < 0.001), and
latencies were shorter for the BP groups (T5: M = 346 ms, SD = 33 ms; T6: M =
392 ms, SD = 45 ms) than the NBP groups (T5: M = 325 ms, SD = 39 ms; T6: M
= 400 ms, SD = 50 ms; F = 5.6, p < 0.05).
There were no latency differences for trial 7 versus trial 5.
Amplitude
The upper panel of Figure 7.2 shows topographic head maps derived from
over the nine sites examined (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) for the trials of
major interest (1, 5, 6 and 7), separately for the two levels of intensity, and
significance. The lower panel illustrates the corresponding across-site mean
amplitudes at each trial, across-groups and separately for the two levels of
intensity and significance.
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Figure 7-2. The top panel shows topographic maps for the baseline to peak LPC amplitudes, from
the nine sites examined (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4), for the trials of major interest (1, 5, 6
and 7) separately for the two levels of intensity and significance. The bottom panel shows the
corresponding across-site mean amplitudes at each trial, both across-groups and separately for the
two levels of intensity and significance.

Across trials 1 – 5 the LPC showed a centro-parietal topography, with a
larger amplitude at posterior (P) than frontal (F) sites (P > F: F = 62.4, p < 0.001),
and a larger amplitude at central (C) sites than the mean of the frontal and
posterior sites (C > F/P: F = 15.6, p < 0.001). The same pattern was shown for
trials 5 and 7 (F = 45.8, p < 0.001 and F = 8.2, p < 0.05, respectively). Across
trials 5 and 6, however, topography showed a strong parietal focus (P > F: F =
91.0, p < 0.001).
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Decrement over trials. Figure 7.2 (lower left panel) shows response
decrement over trials 1 – 5, apparent in linear (F = 43.8, p < 0.001) and quadratic
(F = 13.6, p < 0.001) trends.
Response recovery. There was a significant increase in response from trial 5
to trial 6 (F = 100.1, p < 0.001). Mean responses across trials 5 and 6 were larger
for loud than soft tones (Figure 7.2 lower centre panel: F = 53.4, p < 0.001) and
for BP than NBP (Figure 7.2 lower right panel: F = 22.5, p < 0.001). Figure 7.2
(lower centre panel) shows that response recovery was larger for the loud change
than the soft (F = 5.2, p < 0.05), and (lower right panel) larger for BP compared
with NBP groups (F = 12.4, p < 0.001).
Dishabituation. A trial by topography interaction showed that amplitudes
were larger at parietal than frontal sites and that this effect was enhanced for trial
7 relative to trial 5 (trial X P > F: F = 5.6, p < 0.05), indicating that dishabituation
of the LPC occurred posteriorly.
7.3.3

PCA
Four factors were extracted, which accounted for 90.1 % of the variance in

the data. The factor loadings are illustrated in panel C of Figure 7.3. Virtual
ERPs were constructed to illustrate the ERP waveform for each component
extracted. These were calculated following the description given in section 5.3.4.
In the lower sections of Figure 7.3 the virtual waveforms have been summed for
one condition (SLS-BP) at one site (Pz) in order to illustrate the reconstruction of
the grand average ERP. As can be seen, the sum of the virtual components largely
accounts for the activity represented by the grand average.
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Figure 7-3. Panel A illustrates the grand average ERP for one group (SLS-BP) at Pz. The 250 –
750 ms segment of the epoch entered into the PCA is shown in panel B. The across-group factor
loadings are illustrated in panel C. Panel D illustrates the virtual ERPs for the data shown in panel
A, calculated for each factor extracted. The virtual ERPs were summed in order to reconstruct the
grand average ERP. The summed average is plotted with the original grand average ERP for this
epoch in panel E. As can be seen, the sum of the virtual components largely accounts for the
activity represented by the grand average.

Figure 7.4 illustrates the virtual ERPs for each of the four factors extracted,
at Fz, Cz, and Pz for each trial (1-7). In addition to providing a re-presentation of
activity contributed by each factor to the LPC, these virtual ERPs were used to
derive the peak latency of each component extracted.
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Figure 7-4. Virtual ERPs for each of the four factors extracted. Across-subject means are
illustrated at Fz, Cz and Pz for each trial (1 – 7).
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Fz
Cz
Pz

Figure 7.5 shows topographic head maps derived from the mean factor
scores for each component extracted for the trials of major interest (1, 5, 6 and 7),
separately for the two levels each of intensity and significance. Visual inspection
of the virtual ERPs and their overall topography was initially utilised to identify
and label the LPC sub-components that corresponded to the extracted factors.
Slow wave (43.4 % explained variance)
Factor 1 was a broadly-distributed component, which showed a maximum
peak latency of approximately 550 ms. Figures 7.4 and 7.5 show that amplitudes
for trials 1 – 5 were negative at frontal sites and positive at parietal sites, with a
frontal maximum (F > P: F = 120.6, p < 0.001). Amplitudes were larger in the
right (R) than the left (L) hemisphere (R > L: F = 8.0, p < 0.05). The same pattern
of results was found for the means of trials 5 and 7 (F > P: F = 52.8, p < 0.001,
and R > L: F = 8.1, p < 0.05). For the mean of trials 5 and 6, amplitudes showed a
parietal maximum (F < P: F = 177.8, p < 0.001), and a R > L effect (F = 4.8, p <
0.05). The general anterior-negative and posterior-positive topography observed
for this factor corresponds to the typical description of the classic slow wave.
P3b (17.6 % explained variance)
Factor 2 was a parietal positive component that peaked at approximately
350 ms post-stimulus. There was also some evidence of frontal negative activity.
Figures 7.4 and 7.5 show that amplitudes were larger at posterior than frontal sites
for trials 1 – 5 (F = 48.4, p < 0.001), 5/6 (F = 25.6, p < 0.001) and 5/7 (F = 44.1, p
< 0.001). The parietal maximum found for this component suggests it
corresponds to the P3b.
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Figure 7-5. Topographic maps of the factor scores derived from the nine sites examined (F3, Fz,
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Novelty P3 (15.1 % explained variance)
Factor 3 was a positive component peaking at approximately 410 ms (Figure
7.4). Figure 7.5 shows a slight parietal topography which was not statistically
significant for the means of trials 1 – 5. A parietal maximum was shown for the
mean of trials 5/6 (F < P: F = 6.4, p < 0.05) and trials 5/7 (F < P: F = 6.5, p <
0.05). This component showed a large response to the change trial that was
independent of intensity and significance, suggesting that it corresponds to the
Novelty P3.
P3a (14.0 % explained variance)
Factor 4 was also associated with a positive deflection, peaking at
approximately 290 ms post-stimulus. Figures 7.4 and 7.5 show a fronto-central
topography for trials 1 – 5. Mean frontal sites showed a larger response than
mean parietal sites (F > P: F = 16.7, p < 0.001), and mean central sites showed a
larger amplitude than the mean of the frontal/posterior sites (C > F/P: F = 63.1, p
< 0.001). A lateral by sagittal interaction (C vs. F/P X midline vs. hemispheres)
showed a vertex maximum (F = 29.0, p < 0.001). For the means of trials 5/6 (C >
F/P: F = 53.1, p < 0.001) and 5/7 (C > F/P: F = 80.0, p < 0.001) the central
maximum was strengthened, and the vertex maximum remained (5/6:F = 34.1, p <
0.001, 5/7:F = 17.6, p < 0.001, respectively). The latency and topography of this
component suggests it is the P3a.
Separate Groups PCA
Exploratory PCAs carried out separately for each group extracted the same
four components (SW, P3b, Novelty P3 and P3a). The latency of each component
extracted paralleled those found in the overall PCA, but the percent variance
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associated with each differed by group (see Table 1). There was evidence of a
fifth factor for the two indifferent groups that appeared to represent an N2
component, but this factor was not present for the other groups or in the PCA for
the entire dataset. Multiple correlations were obtained between the components
extracted from the overall PCA with the components from each group‟s PCA.
Significant correlations (all p < .001) were shown only for each component that
corresponded with the components identified in the entire dataset, while
correlations with different components were all non-significant.

Table 7-1. Amount of variance (%) associated with each component, for the across-groups PCA,
and for each separate group.

Across Groups

LSL-NBP

SLS-NBP

LSL-BP

SLS-BP

43.4
17.6
15.1
14.0

34.0
12.0
18.5
10.7

34.3
13.6
22.5
8.6

49.9
22.5
8.6
13.6

43.0
25.8
19.6
3.9

SW

P3b
Novelty P3
P3a

Over Trials Effects
Mean factor scores for the SW (Row A), the P3b (Row B), the Novelty P3
(Row C) and the P3a (Row D) over trials 1 – 7 are illustrated in Figure 7.6. The
left panels illustrate across-groups mean amplitude at each trial, for the regions of
interest. The centre panels show levels of the intensity factor, and the right panels
show levels of the significance factor averaged over the nine sites examined (F3,
Fz, F4, C3, Cz, C4, P3, Pz, P4).
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Trial

Figure 7-6. Mean factor scores for the SW (Row A), the P3b (Row B), the Novelty P3 (Row C)
and the P3a (Row D) for trials 1 – 7. The left panels illustrate across-groups mean amplitude at
each trial, for the regions of interest. The centre panels show levels of the intensity factor, and the
right panels show levels of the significance factor averaged over the nine sites examined (F3, Fz,
F4, C3, Cz, C4, P3, Pz, P4).
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SW
Decrement over trials. Figure 7.6 (A - left panel) shows response
decrement over trials 1 – 5, apparent in a linear trend (F = 4.4, p < 0.05).
Response decrement over trials 1 – 5 occurred for both the negative and positive
aspects of the SW, as shown by a trial by topography interaction (linear trend X F
vs. P: F = 49.4, p < 0.001).
Response recovery. There was a significant increase in response from trial 5
to 6 (F = 8.3, p < 0.01). Across trials, responses were larger for soft than loud
tones (F = 14.1, p < 0.001). Figure 7.6 (A - centre panel) shows that response
recovery was larger to the soft change compared with the loud (F = 8.7, p < 0.01),
and (A - right panel) larger for BP groups than NBP (F = 7.3, p < 0.01). A trial by
topography interaction (trial X P vs. F: F = 86.0, p < 0.001) shows that response
recovery was larger at parietal than frontal sites.
Dishabituation. A trial by topography interaction showed that SW activity
was enhanced at frontal and parietal sites for trial 7 relative to trial 5 (trial X P vs.
F: F = 13.0, p < 0.001). Figure 7.6 (A) shows that dishabituation of the SW was
larger at frontal compared with parietal sites.
P3b
Decrement over trials. Figure 7.6 (B - left panel) shows response decrement
over trials 1 – 5, apparent in linear (F = 29.6, p < 0.001) and quadratic (F = 24.3,
p < 0.001) trends.
Response recovery. There was a significant increase in response amplitude
from trial 5 to trial 6 (F = 13.0, p < 0.001). Across trials, responses were larger
for loud than soft tones (F = 107.9, p < 0.001) and larger for BP than indifferent
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groups (F = 24.0, p < 0.001). Figure 7.6 shows that response recovery was
evident to the loud change but not the soft (B - centre panel; F = 14.1, p < 0.001),
and larger for BP compared with NBP groups (B - right panel; F = 4.6, p < 0.05).
Dishabituation. There was no overall dishabituation in the P3b.
Novelty P3
Decrement over trials. Figure 7.6 (C - left panel) shows response decrement
over trials 1 – 5, apparent in a linear trend (F = 12.9, p < 0.001). The linear trend
interacted with topography, and showed that response decrement occurred
primarily at parietal sites (linear trend X P vs. F: F = 6.8, p < 0.05).
Response recovery. There was a significant increase in response from trial 5
to trial 6 (F = 57.4, p < 0.001).
Dishabituation. A trial by topography interaction showed that for trial 5,
amplitudes at frontal and parietal sites were equipotential, while for trial 7,
amplitudes were maximal at parietal sites (trial X F vs. P: F = 6.1, p < 0.05),
indicating that dishabituation occurred primarily at parietal sites.
P3a
Decrement over trials. Figure 7.6 (D - left panel) shows response
decrement over trials 1 – 5, apparent in linear (F = 20.8, p < 0.001) and quadratic
(F = 4.2, p < 0.05) trends. A trial by topography interaction (quadratic trend X C
vs. F/P: F = 40.0, p < 0.001) showed that early response decrement occurred least
at central sites (see Figure 7.6).
Response recovery. There was a significant decrease in response from trial
5 to trial 6 (F = 4.6, p < 0.05). Across trials, responses were larger for loud than
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soft tones (F = 32.9, p < 0.001). Figure 7.6 (D - centre panel) shows that response
recovery was evident to the loud change, but not the soft (F = 5.6, p < 0.05).
Dishabituation. A trial by lateral by sagittal interaction (trial X C vs. F/P X
midline vs. hemispheres: F = 29.0, p < 0.001) showed that dishabituation occurred
at the vertex.
7.3.4

Correlations
Reports described above indicated that the ANSW and PPSW may be two

separate components, and to accommodate this hypothesis separate comparisons
were made for anterior and posterior sites for the SW. As shown in Table 2, the
correlation analyses demonstrated a moderately-strong relationship between the
stimulus-response patterns shown by the SCR and the LPC, both in the overall
means (r = 0.56), and in each of the individual tasks (r ≥ 0.74). Of the separate
components, the anterior negative SW, the P3b and the Novelty P3 were
substantially similar to the SCR in their overall stimulus-response patterning (r ≥
0.40). Table 2 shows that the strength of association between the SCR and the
separate components differed with task. The PPSW correlated substantially with
SCR for the two BP tasks (r ≥ 0.72). The P3b correlated for both indifferent tasks
and, when a BP was required, to a loud tone (r ≥ 0.87). The Novelty P3 showed a
significant correlation for only two tasks, when a BP was required to a soft change
(r = 0.92), or when the loud change was presented for the indifferent task (r =
0.92). Finally, the P3a was positively correlated with the SCR only for the
indifferent tasks (r ≥ 0.83).
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Table 7-2. Correlation coefficients between the SCR and each of the ERP amplitudes examined.
The first row compares patterns across all groups, and subsequent rows compare patterns for each
group separately.

Task

LPC

PPSW

ANSW

P3b

NP3

P3a

0.56**

0.16

-0.40*

0.46**

0.47**

-0.06

0.94**
0.72*
-0.36
0.36

0.69
-0.25
-0.55
-0.66

-0.36
0.87**
0.92**
0.92**

0.92**
0.12
-0.55
0.92**

-0.70
0.53
0.87**
0.83*

Overall

N=
28

LSL-BP
SLS-BP
LSL-NBP
SLS-NBP

0.74*
N = 7 0.75*
0.88**
0.92**

*p < 0.05; **p < 0.01

7.4

Discussion
In contrast to Study 1, the LPC baseline-to-peak measures showed a

stimulus-response pattern identical to that of the SCR across trials. Amplitudes
were also enhanced by the significance and intensity factors in a manner similar to
that observed in the SCR. These data support previous suggestions that the LPC
is an ERP analogue of the OR (Donchin et al., 1984).
For the dishabituation paradigm, the PCA suggested that four separate
components, which differed by scalp topography, latency and task requirements,
were present in the LPC. Four similar components were obtained in each of the
individual-group PCAs, and each of these components was found to correlate
significantly (p < .001) only with the corresponding component in the overall
PCA. This rules out the possibility that between-condition latency shifts in a
single component generated two false components in the overall PCA.
In order to support the nomenclature used in this thesis to label the separate
ERP components extracted, their response patterns to the change trial are first

143

compared with the response patterns of the separate components reported to be
elicited by the deviant event in the oddball task. Both events represent a change
in stimulation after a series of homogenous stimuli and so should show
similarities in their response outcomes. Over-trial response-patterns for each
component are then compared with the SCR OR-model.
The SW was found to contribute substantially to the LPC, and exhibited a
typical frontal negative/parietal positive topography. Although not apparent in the
present PCA-based SW, previous research indicates that the anterior and posterior
aspects of the SW may be two separate ERP components, as they are differentially
sensitive to task demands. For the oddball task, the anterior negative SW is
reported as being elicited by both attend and ignore deviants, with the posterior
positive SW only in attend conditions (Courchesne et al., 1983; Näätänen et al.,
1982; Spencer et al., 2001). Here, an enhanced posterior positive SW was shown
for BP compared with NBP groups in response to the change. Positive activity
was also enhanced when the change was a decrement compared with an increment
in intensity. Ruchkin et al. (1988) examined the SW to specific types of task
demands that arise during difficult perceptual (pattern recognition) and conceptual
(arithmetic) mental operations. A centro-parietal positive SW was elicited that
increased directly with the perceptual difficulty of the task. The increased
positive activation shown to the soft change here suggests that more effort was
required to process the 50 dB change tone when embedded within a series of 80
dB tones than the converse. This effect was also reflected in the behavioural data,
which showed that BP responses to the 50 dB target tone were on average 130 ms
slower than BPs to the 80 dB target. Like the SCR, the SW showed across-group
evidence of response decrement, response recovery and dishabituation. In
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contrast to the SCR, which showed amplification by significance and intensity, the
SW was augmented by significance and (as interpreted above) perceptual
difficulty.
The second component extracted paralleled the P3b reported in Spencer et
al. (2001), which was a posterior-maximum positivity peaking at approximately
350 ms, that was larger for the BP condition. Studies that have utilised PCA to
decompose the LPC waveform have shown that the P3b is elicited by all deviant
events, and is enhanced with reduced probability or in actively-attending subjects
(Dien et al., 2004; Simons et al., 2001; Spencer et al., 2001; Squires et al., 1975).
An intensity effect was also evident for the P3b, such that an enhanced response
was shown to the increment in intensity, compared with the decrement. An
intensity increment and decrement (70 dB vs. 90 dB) were examined in Squires et
al. (1975), but an intensity effect was not reported. This study examined 50 dB
vs. 80 dB. The data suggest that the 50 dB change trial was too soft to be
reflected substantially in the measures examined here. This view is supported by
the effortful processing of this stimulus shown in the SW. The P3b did not meet
the formal criteria required of an OR index – across groups there was evidence of
response decrement and response recovery, but no evidence of dishabituation.
Figure 7.6 (B) shows that response amplitudes for the P3b were similarly
enhanced for both the initial and the change trial, and indicates that enhancement
of this component was more dependent on intensity and instructions, than
deviance or novelty per se.
The existence of the Novelty P3 and the P3a as separate components has
been questioned recently. However, they were again extracted again as two
independent factors in this study. The P3a showed a vertex maximum peaking at
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approximately 290 ms. When examined in an OR context, the P3a did not meet
the formal criteria for an OR index. Evidence of response decrement was found
across groups, but response recovery and dishabituation were dependent upon the
intensity increment, indicating that the P3a response was more sensitive to
exogenous stimulus parameters than novelty or stimulus significance in this study.
The Novelty P3 showed across-groups evidence of response decrement,
response recovery and dishabituation. In regard to the SCR-OR, responses to
novelty have been shown to be augmented by (or interact with) other processes,
such as stimulus significance or intensity, as was observed in Study 2. The
Novelty P3, however, was not augmented by either of these factors. This
component showed a slight parietal topography and a peak latency of
approximately 410 ms. There have been reports of a late parietal, novelty-related
component (Bledowski et al., 2004; Courchesne et al., 1983, 1984; Cycowicz &
Friedman, 1998; Polich & Comerchero, 2003) which is considered compatible
with the present Novelty P3. Those studies however, used single measures (i.e.
peak-to-baseline or area under the curve) to examine the waveform, so it remains
unclear whether or not the reported effects are due to an overlap with the posterior
positive SW, or are related to the component described here.
The main aim of this study was to investigate two issues: first, which ERP
components constitute the LPC during an ERP dishabituation paradigm, and
second, how these components relate to the SCR-model of the OR.
Maltzman (1977, 1979a, 1979b) suggested that investigation of the LPC in
an OR context would show differences in cerebral organisation for a voluntary
and an involuntary OR. Some support for this hypothesis was shown for the P3a
and P3b components in a novelty oddball task (Marinkovic et al., 2001), and the
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Go/NoGo task (Barry & Rushby, 2006a). When examined here, however, neither
the P3a nor the P3b met the formal criteria for an OR index. Although some
evidence of response decrement was shown, response recovery was equivocal,
and dishabituation was not shown for either component. Rather, they reflected
selected aspects of the eliciting stimulus conditions. The P3a appears to reflect
exogenous stimulus factors, in this case, intensity, more than significance or
novelty. The P3b also reflected intensity, but was further modulated if the
stimulus context was made significant by instructions to attend. Of the other LPC
components, the Novelty P3 strongly reflected only novelty. The posterior
positive SW component showed some of the formal requirements of an OR index,
reflecting differences in novelty and significance, but was not enhanced by the
loud stimulus – rather, it was larger to the soft stimulus, perhaps reflecting effort
relating to its perceptual difficulty (which could be interpreted indirectly in
significance terms).
In summary, the LPC showed a stimulus-response pattern identical to that of
the SCR, the model OR index, supporting previous suggestions that the LPC may
represent a central measure of the OR. Further evidence of this connection was
shown in the correlation analysis, where the stimulus-response pattern exhibited
by the LPC showed a strong correspondence with the SCR, both across and within
groups. There were three short-duration phasic LPC components that overlapped
with a longer-duration slow wave. Examination of these separate components
shows that, rather than reflecting a single process, the LPC represents a synthesis
of several distinct processes. Correlations between the OR and each of the
separate components showed that the relationship differed markedly by task
requirements. The PPSW correlated with SCR only for the BP tasks, whereas the
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P3a correlated with the SCR only for the indifferent tasks. Mixed relationships
were shown for the P3b and Novelty P3 components. The P3b correlated for both
indifferent tasks and, when a BP was required, to a loud change tone. The
Novelty P3 showed a significant correlation for only two tasks, when a BP was
required to a soft change, or when the loud change was presented for the
indifferent task. This pattern variability provides the foundation for a better
model of the functional significance of the LPC, as it can also accommodate its
underlying sub-components.
The following study examined the LPC and its sub-components in an
auditory oddball task. The data were examined with the same temporal PCA
methodology utilised in this study. The current study showed that the LPC subcomponents were differentially sensitive to stimulus intensity and stimulus
significance effects, so therefore identical stimulus intensity and significance
manipulations were also examined.
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CHAPTER 8 : STUDY 4 – SEPARATION
OF THE COMPONENTS OF THE LPC IN
AN AUDITORY ODDBALL PARADIGM
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8.1

Introduction
In contrast to the oddball literature, Studies 1 and 3 have provided evidence

of three phasic positivities, the P3a, the P3b, and the Novelty P3, that contribute to
the LPC in a single series habituation paradigm (Chapter 5) and an ERP-style
dishabituation paradigm (Chapter 7). An additional component, the classic slow
wave, was found to also contribute to the LPC in Study 3. This study compares
the SCR OR-yardstick with the LPC and its underlying sub-components in a
classic auditory oddball task.
One major problem comparing SCRs and the LPC in the oddball task is the
short duration ISI usually employed with these studies. The LPC component
peaks approximately 300 – 350 ms after stimulus onset, whereas the SCR
commences 1 – 3 s post-stimulus. This problem was highlighted in Marinkovic et
al. (2001) and Williams, Bahramali, Hemsley, Harris, Brown and Gordon (2002),
where only the responses to deviant stimuli could be examined. Barry et al.
(1993) introduced a new method for quantifying SCRs for the short inter-stimulus
intervals typical of oddball designs (described comprehensively in Chapter 3).
Barry et al. (1993) showed evidence of response decrement, response recovery,
and dishabituation for the SCR, in a short-inter-stimulus dishabituation paradigm
that was in line with previous reports with longer ISIs. More recently, this
technique was used to compare the LPC with the SCR, in a version of the GoNoGo task (Barry & Rushby, 2006b). This methodology will be used to quantify
the SCRs in the current study. The SCRs will first be used to assess the LPC
baseline-to-peak measures. Each of the PCA-derived LPC sub-components will
then be compared with the SCR OR-yardstick.
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8.2

Method

8.2.1

Participants
Forty-eight university students participated in this study as one means of

meeting a course requirement in an introductory psychology course (age 19 – 54
years, mean 23; 37 female). The procedure was explained and written consent
obtained in accordance with a protocol approved by the joint Illawarra Area
Health Service/University of Wollongong Human Research Ethics Committee,
and in line with the Declaration of Helsinki (WMO, 1996). Participants were
required to complete a demographic and screening questionnaire, and only those
with normal hearing participated. Individuals with a history of seizures,
psychiatric illness or severe head injury were excluded from participating, as were
those currently taking psychoactive drugs.
8.2.2

Procedure
Participants were seated in a dimly lit air-conditioned testing booth and

instructed to keep their eyes fixated on a cross displayed on a computer monitor
placed in front of them. They were asked to minimize eye movements, blinks or
other muscle movements, and to remain as relaxed as possible. Acoustic stimuli
consisted of 1000 Hz tones with a duration of 50 ms (15 ms rise/fall times) at 50
(Soft) or 80 (Loud) dB SPL intensity, and were transduced binaurally through
stereo headphones. Participants were randomly assigned to alternate oddball
conditions: soft standard / loud deviant or loud standard / soft deviant. Half of
each group were instructed to button press (BP) when they heard a tone of a
different intensity, giving four groups in total (attend loud deviant, attend soft
deviant, passive loud deviant and passive soft deviant). One block of 120 stimuli
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was presented, with a deviant probability of 15 %, and a variable inter-stimulus
interval of 1.1 – 1.3 s.
8.2.3

Physiological Recording

Electrodermal Activity
The procedure for recording electrodermal activity was identical to that
outlined in Study 1 (section 5.2.3).
Electroencephalogram
The procedure for recording the electroencephalogram was identical to that
outlined in Study 1 (section 5.2.3).
8.2.4

Data Extraction

SCRs
The raw SCR traces (in 5.5 s epochs commencing 0.5 s before stimulus
onset) were averaged (within subject) for each deviant and frequent stimulus type.
Because SCRs may be returning to baseline when the next stimulus is presented,
there may be no genuine baseline from which to measure the response. To
compensate for this, Barry et al. (1993) introduced a novel method to measure
SCRs. Each response was measured by linearly extending the recovery slope of
one response (or the shifting baseline trend) to a point below the peak of the
following response, and taking the difference between the extended baseline and
the peak as the response amplitude. For the current study each response was
measured by subtracting a linear trend based on the prestimulus 500 ms and
poststimulus 1000 ms segment of the epoch, from the entire SCR epoch
examined. Baseline-to-peak SCRs with onset latencies within the 1 – 3 s interval
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after stimulus onset (following Barry, 1990) were then obtained for each average
for each subject. These data were then square-root transformed to reduce the
skew typically associated with small SCR responses.
ERPs
The continuous waveforms were subjected to an EOG correction procedure
(Semlitsch et al., 1986). Waveforms were epoched offline using Neuroscan
software (Compumedics, Version 3) for the 200 ms pre- to 800 ms post-stimulus
period. All single trials were visually inspected and trials containing muscular or
other artefact, were excluded from further analysis. Epochs in which incorrect
responses (no response to a target within 1 s of its onset, and responses made to
non-target stimuli) occurred were also excluded. Corresponding SCR epochs
were also excluded.
The number of ERP responses accepted from the 102 standard stimuli
ranged across the 48 subjects from 46 to 100, with a mean of 76.1 (SD = 15.8).
For the 18 deviants, the corresponding numbers ranged from 12 to 18, with a
mean of 16.4 (SD = 2.1). Averages were derived for the frequent and deviant
stimuli for each subject relative to the pre-stimulus period. Visual inspection of
individual subjects indicated clearly discernable ERPs with the expected
morphology in all cases, indicating adequate signal:noise ratio. Based on this
inspection, the LPC was defined as the most positive peak occurring between 260
and 650 ms post-stimulus. These measurements were made automatically in
Neuroscan using a program that allowed manual confirmation/adjustment.
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PCA
In order to quantify the peaks underlying the LPC, the epoch range entered
into the analysis was again restricted to 250 to 700 ms post-stimulus period. The
original number of cases (48 subjects x 2 stimulus types (frequent vs. deviant) x
15 sites (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4, T3, T4, T5, T6, O1, O2) = 1440) and
variables (231 digitised points) were submitted to the PCA. The methodology for
the PCA was identical to that outlined in Study 1 (section 5.2.4).
8.2.5

Statistical Analysis
The mean SCRs and the baseline-to-peak LPC measures, and the PCA

extracted components, were analysed with multivariate analyses of variance
(SPSS MANOVA), with a within-subject factor of stimulus type (deviant vs.
standard ) and a between-subjects factor of group (covering 2 levels of task
(attend vs. passive) and 2 levels of intensity (soft (S) deviant vs. loud (L) deviant).
In addition, each of the ERP measures was subject to the topographic analysis
outlined in Study 1 (section 5.2.4).
All F values reported have (1, 44) degrees of freedom unless otherwise
stated.
Behavioural Data
A between-groups analysis of variance (ANOVA) for the intensity factor (S
vs. L) was performed on response times to attend deviants.

8.3

Results

8.3.1

Behavioural Data
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Mean reaction time (RT) for a correct response to the attend deviant trials
was 370 (SD = 100) ms. RTs were shorter to the loud (350 ms) than the soft
deviant (390 ms), but this difference was not significant F (1, 23 = 1.3, p > 0.05).
8.3.2

SCRs
Figure 8.1 shows the grand average SCRs for the standard (upper row –

passive loud, passive soft, attend loud, and attend soft) and deviant (lower row –
passive loud, passive soft, attend loud, and attend soft) stimuli. As can be seen,
responses were larger for the attend compared with the passive conditions and
larger for the loud than the soft tones. Responses in the passive conditions were
considerably reduced in amplitude compared with the attend.
There was a main effect of stimulus type (Deviant > Standard: F = 27.4, p <
0.001) and task (Attend > Passive: F = 8.3, p < 0.01) for the SCRs, but intensity
effects were not significant (F < 1). The effect of task was larger for deviants than
standards (F =8.4, p < .01).

0.002

0.080

Standards

Deviants

S
0.000

0.060

-0.002

0.040
-0.004

0.020
-0.006
Attend L

-0.008

0.000

Attend S
Passive L

-0.010

Passive S

-0.020

Figure 8-1. Mean SCRs for the standard (upper row – attend loud, attend soft, passive loud, and
passive soft) and deviant (lower row) stimuli. The scale differs for the standards vs. deviants in
order to illustrate the small responses to the standard stimuli. Time scale is 0.5 s pre and 5 s poststimulus separated by 500 ms markers.
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8.3.3

ERPs
Figure 8.2 shows the mean ERPs for the standard (upper row) and deviant

(lower row) stimuli, at each of the midline sites. For both attend and passive
tasks, deviants elicited a prominent N1 component, followed by the LPC. An N2
appears to strongly overlap the N1 for soft deviants, that is quite diminished for
the loud. Smaller amplitude N1, and P2 components, followed by a small LPC,
are evident for the standard stimuli.
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Figure 8-2. Grand average ERPs for each stimulus type (passive soft, attend soft, passive loud
and attend loud). Responses to standards are illustrated in the upper panel and to deviants in the
lower panel. The scale differs for the standards vs. deviants in order to illustrate the smaller
responses to the standard stimuli. Time scale is 200 ms pre-stimulus to 800 ms post-stimulus,
markers represent each 100 ms segment.
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Amplitude. The LPC showed a centro-parietal maximum (P > F: F = 44.0, p
< 0.001) and (C > F/P: F = 23.7, p < 0.001), peaking at approximately 350 ms for
the deviants, and 330 ms for the standards. There was a main effect of stimulus
type (Deviant > Standard: F = 93.9, p < 0.001) and task (Attend > Passive: F =
8.5, p < 0.01). The effect of task was larger for deviants than standards (Deviant
> Standard X Attend > Passive: F = 9.5, p < 0.01), and for loud compared with
soft (L > S X Attend > Passive: F = 6.1, p < 0.05). A task by topography
interaction shows an enhanced parietal (P > F X Attend > Passive: F = 7.7, p <
0.01) and midline (midline > left/right X Attend > Passive: F = 5.7, p < 0.05)
topography for the attend compared with the passive task.
Latency. Shorter latencies were shown at frontal (M = 354 ms, SD = 32 ms)
compared with parietal sites (M = 368 ms, SD = 32 ms; F = 8.61, p < 0.01), and at
central (M = 358 ms, SD = 32 ms) compared with the mean of the parietal and
frontal sites (M = 361 ms, SD = 31 ms; F = 8.61, p < 0.01). Latencies were
shorter for loud (M = 342 ms, SD = 28 ms) than soft tones (M = 378 ms, SD = 36
ms; F = 12.56, p < 0.01). No significant latency differences were shown for the
passive (M = 350 ms, SD = 36 ms) compared with the attend task (M = 370 ms,
SD = 28 ms; p > 0.05).
8.3.4

PCA
Four factors were extracted, which accounted for 91.7 % of the variance in

the data. The grand average ERP at Pz is illustrated in Figure 8.3 (upper panel).
The dotted lines illustrate the segment of the epoch entered into the PCA, and the
factor loadings for the four components extracted (centre panel). Virtual ERPs
were derived for each of the factors following the methodology described in
Chapter 5.3.4. The virtual ERPs were subsequently summed, in order to
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reconstitute the raw ERP, which is compared with the grand mean segment of the
ERP in the lower panel of Figure 8.3. As can be seen, the four components
extracted largely accounted for the activity entered into the PCA.
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Figure 8-3. The upper panel illustrates the grand average ERP at Pz. The dotted lines mark the
450 ms segment of the ERP that was entered into the PCA. The four factors extracted are shown
in the middle panel. Virtual ERPs were derived for each of the factors and subsequently summed,
in order to reconstitute the raw ERP, which is shown compared with the grand mean segment of
the ERP in the lower panel.
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Fig 8.4 shows topographic head maps derived from the factor scores over 15
sites (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4, T3, T4, T5, T6, O1, O2) for each
component extracted. Across subject means are shown for responses to deviant
and standard stimuli (left panel), followed by the deviant responses (right panel)
shown separately for the two levels of intensity and task.
Topography
Factor 1 (36.1 % explained variance) was a broadly-distributed component,
which showed a maximum peak latency of approximately 650 ms. Figure 8.4
shows that amplitudes were negative at frontal (F) and positive at parietal (P)
sites, with a frontal maximum (F > P: F = 29.6, p < 0.001; C < F/P: F = 45.9, p <
0.001). A sagittal by lateral interaction shows that amplitudes were enhanced at
the midline compared with the hemispheres for frontal sites, and reduced at
parietal sites (F > P X M > L/R: F = 7.2, p < 0.01). Amplitudes were larger in the
right than the left hemisphere (R > L: F = 5.9, p < 0.05); and this effect was
evident for frontal and parietal, but not for central sites (F/P > C X R > L: F =
10.1, p < 0.01). The general anterior-negative and posterior-positive topography
observed for this factor corresponds to the typical description of the classic SW.
Factor 2 (26.2 % explained variance) was a parietal positive component that
peaked at approximately 420 ms post-stimulus. Figure 8.4 shows that amplitudes
were maximal at posterior sites (P > F: F = 27.7, p < 0.001). The strong parietal
maximum found for this component suggests it corresponds to the P3b.
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Figure 8-4. Topographic head maps derived from the factor scores over 15 sites (F3, Fz, F4, C3,
Cz, C4, P3, Pz, P4, T3, T4, T5, T6, O1, O2) for each component extracted. Across subject means
are shown for deviant and standard stimuli (left panel), followed by the deviant responses (right
panel) shown separately for the two levels of intensity and task.
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Factor 3 (24.5 % explained variance) was a centro-parietal positive
deflection, peaking at approximately 300 ms post-stimulus. Figure 8.4 (left panel,
third row) shows that amplitudes were larger at posterior than frontal sites (F < P:
F = 10.5, p < 0.01) and centrally compared with the mean of frontal/posterior sites
(C > F/P: F = 36.2, p < 0.001). Amplitudes were larger in the midline than the
hemispheres (M > L/R: F = 66.4, p < 0.001). The vertex maximum shown for this
component suggests that it is the P3a.
Factor 4 (4.8 % explained variance) was a frontal negative, centro-parietal
positive component that peaked at 520 ms. Amplitudes were larger at frontal than
parietal sites (F > P: F = 28.5, p < 0.001), and for the mean frontal/parietal
compared with the central sites (C < F/P: F = 9.4, p < 0.01). This component
showed a similar latency and topography to the Novelty P3 in the previous thesis
studies.
Task Effects
Slow Wave: There were no main effects of stimulus type (Deviant vs.
Standard), intensity (L vs. S) or task (Attend vs. Passive) for the SW. An intensity
by topography interaction showed that amplitudes were enhanced at frontoparietal sites for the loud compared with the soft tones (F/P > C X L > S: F = 5.3,
p < 0.05). As shown in Figure 8.4 (left panel, first row) a stimulus type by
topography interaction shows a strong negative frontal (F > P X Deviant >
Standard: F = 20.2, p < 0.01, and F/P > C X Deviant > Standard: F = 6.4, p <
0.05) amplitude for deviants compared with standards. A task by stimulus type by
topography interaction showed that negative amplitudes were further enhanced for
attend compared with passive deviants (compared with standards) at frontal (F > P
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X Attend > Passive X Deviant > Standard: F = 10.8, p < 0.01, and F/P > C X
Attend > Passive X Deviant > Standard: F = 13.5, p < 0.001) sites.
P3b: There were main effects of stimulus type (Deviant > Standard: F =
50.1, p < 0.001) and task (Attend > Passive: F = 9.1, p < 0.01). The effect of
stimulus type was enhanced for the soft compared with the loud deviant (Deviant
> Standard X S > L: F = 6.4, p < 0.05). A stimulus type by task interaction
showed that amplitudes were larger for attend compared with passive deviants
(Deviant > Standard X Attend > Passive: F = 23.48, p < 0.001), and this effect
was enhanced at parietal (P > F X Deviant > Standard X Attend > Passive: F =
7.7, p < 0.01), and F/P > C X Deviant > Standard X Attend > Passive: F = 6.4, p <
0.05) sites.
P3a: As shown in Figure 8.4 (left panel, third row) there was a main effect
of stimulus type (Deviant > Standard: F = 14.2, p < 0.001) and this effect was
much larger for the loud than the soft deviant (Deviant > Standard X L > S: F =
24.2, p < 0.001).
Novelty P3: There were no significant main effects of stimulus type
(Deviant vs. Standard), task (Attend vs. Passive) or intensity (L vs. S) for the
Novelty P3. A stimulus type by topography interaction showed an enhanced
parietal topography to deviants compared with standards (P > F X Deviant >
Standard: F = 22.9, p < 0.01, and F/P > C X Deviant > Standard: F = 6.1, p <
0.05).

8.4

Discussion
SCRs were enhanced for deviants compared with standards, and for the

attend compared with the passive condition. These effects interacted to enhance
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the response to the attended deviant. These effects are in line with Study 2, and
previous research using more traditional ANS paradigms, which showed that
SCRs are enhanced for attend compared with passive conditions (Barry, 2004).
Intensity effects were not significant for the current SCRs. This may be due to the
extra effort involved in processing these soft stimuli (noted previously in section
6.2). Incidentally, such an effect also might have negated the RT differences
expected as a function of intensity, but not observed in the current study.
The baseline-to-peak measures for the LPC showed stimulus intensity and
significance effects analogous to those in the previous study. That is, amplitudes
were larger to deviants than standards, and this was enhanced if the deviant was
loud or required a button press. The LPC stimulus-response pattern was similar to
the SCR-yardstick, but in addition, showed the expected intensity effect found not
significant for the SCRs.
As in the previous study, four separate components, differentially sensitive
to the stimulus parameters examined here, were found to contribute maximally to
the LPC. The first component extracted exhibited the anterior-negative/parietalpositive topography characteristic of the SW, although, like Study 3, the positive
and negative aspects were not extracted as separate components in the current
study. In line with Study 3, and previous reports for the SW, frontal amplitudes
were enhanced for the deviants compared with the standards, in the attend
compared with the passive task, and for loud compared with soft stimuli
(Courchesne et al., 1983; Näätänen et al., 1982; Spencer et al., 2001). It was
suggested, in the previous study, that the increased parietal positive activation
shown to the soft change was due to more effort being required to process the 50
dB change tone when embedded within a series of 80 dB tones, compared with the
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converse. Although an enhanced parietal topography is apparent in Figure 8.4 for
the soft compared with the loud deviant, the effect was not significant in the
current study. The SW component showed habituation effects in the previous
study, suggesting that its contribution to the LPC may diminish/disappear over a
larger number of trials, such as used here.
The second component extracted paralleled previous reports for the P3b in
showing a central-parietal maximum positivity peaking at approximately 420 ms.
The P3b was elicited for all deviant types, but was largest in the attend task. In
contrast to the previous study, amplitudes were enhanced for soft compared with
loud deviants in the current study. It was noted previously that difficulty
processing the soft tone, used in the current work, may have contributed to its
subjective significance.
The third component, which showed a vertex maximum, and peaked at
approximately 300 ms, was identified as the P3a. As in the previous study, the
P3a was sensitive only to stimulus intensity, and did not differ significantly for
task instructions.
As noted in the previous study, a number of researchers have recently
questioned the existence of three separate LPC sub-components (i.e. P3a, P3b,
Novelty P3) (Dien et al., 2004; Polich & Criado, 2006; Simons et al., 2001).
However, a third P3 component was again extracted here. In line with the
previous studies in this thesis, there were no differences in amplitude found for
task or stimulus intensity for this component. However, an effect of stimulus type
was shown in enhanced parietal amplitudes for responses to the deviant stimuli
compared with standards, suggesting again the presence of the Novelty P3. That
is, in contrast to the bulk of the current ERP literature, this study, which utilised a
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typical ERP oddball-paradigm, again found evidence to support a distinction
between the Novelty P3 and P3a components.
This difference may be accounted for by differences in methodology. In
those previous studies (Dien et al., 2004; Simons et al., 2001) only responses to
the deviant stimuli were examined with PCA. Extracted components were
examined for task differences in that different deviant types were compared (i.e.
active vs. passive vs. novel) but deviants were not compared with the standards.
However, the Novelty P3 found in the current study only showed a difference
when compared with the standards (i.e. it was not augmented by deviant type or
intensity), and therefore might not have been uncovered in the previous studies.
In terms of classical orienting (comparator) theory and its ERP counterpart
„context updating‟, the separate LPC sub-components were again fractionated by
voluntary and involuntary aspects of stimulus processing. The results for the three
current studies and previous work (Barry & Rushby, 2006a) suggest that the subcomponents of the LPC are fractionated by more complex processes than
associated with a simple dichotomous view of voluntary versus involuntary ORs.
Rather, their stimulus-response patterns fit better with the sequential processing
approach described in PPT. The placement of the LPC sub-components within
the PPT framework will be proposed in the final discussion.
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CHAPTER 9 : STUDY 5 – ERP
CORRELATES OF PHASIC AND TONIC
MEASURES OF THE OR
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9.1

Introduction5
Sokolov distinguished between ORs based on their duration: “phasic” refers

to the rapid, short-lasting response, while “tonic” refers to the slower, longerlasting state changes commonly associated with levels of arousal/activation
(Barham & Boersma, 1975; Barry, 2004; Barry et al., 2004). Sokolov (1963)
hypothesised that the tonic reflex has an important role in OR elicitation through
its association with general arousal, which amplifies the phasic reflex produced in
the stimulus-comparator mechanism. Although Sokolov noted that the tonic
reflex would also be expected to habituate, there has been very little examination
of trials effects in tonic measures. Barry and Sokolov (1993) examined the role of
the tonic OR in modulating the phasic OR during a simple habituation paradigm.
Subjects were presented with a series of repetitive stimuli, which had no task
requirements associated with them (termed indifferent in traditional OR terms).
Pre-stimulus SCLs were taken as measures of arousal existing at each stimulus
presentation, and post-stimulus SCRs were taken as indices of the phasic OR.
SCL showed evidence of an initial increase in arousal (sensitisation) after the first
stimulus in the series, followed by a systematic decline with stimulus repetition.
Response decrement was shown for the SCR, and this pattern remained after the
arousal effects were removed by linear regression, suggesting that the habituation
process was independent of arousal changes. This was noted as “consonant with
the conceptualisation of arousal as an amplifying factor in response evocation,
5

This study has been published as: Rushby, J.A. and Barry, R.J. (2007). Event-related potential

correlates of phasic and tonic measures of the Orienting Reflex. Biological Psychology, 75, 248259. The helpful comments of four anonymous referees on a previous version of the article are
acknowledged.
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serving only to modulate the stimulus-response reflex” (p. 42). In a follow-up
study, these data were replicated by Barry (2004), who also noted that the initial
sensitisation was not a result of the phasic OR to the initial stimulus, but
represents an independent tonic effect of the initial stimulus.
Sensitisation effects shown after the initial novel stimulus (Barry, 2004;
Barry & Sokolov, 1993) suggest that sensitisation will also occur after a novel
change trial. To explore this, tonic aspects of the OR were examined here in a
dishabituation paradigm. In addition, the sensitivity of the tonic OR component to
stimulus intensity was also examined. A consistent relationship has been shown
between stimulus intensity and SCR magnitude, but intensity effects upon the
tonic OR have rarely been examined. Iacono and Lykken (1983) examined
intensity effects in SCL over trials and found sensitisation was more sustained at
110 dB, but this has not been examined within the innocuous OR intensity range,
as used in the present study.
Arousal, as indexed by SCL, is examined in two ways: a mean value is
derived over the duration of a task or a resting-baseline period, or a mean value is
derived prior to stimulus onset for each stimulus presentation. For the latter,
stimulus presentation consists of a single train of approximately ten repetitive
stimuli, that are subsequently examined in terms of sensitisation and habituation.
In contrast, the CNV is usually examined in the warned reaction time (RT)
paradigm with a fixed interval between the warning (S1) and imperative (S2)
stimuli. The CNV develops in the anticipatory period between the S1and S2
stimuli, and is quantified as an average of many paired-events. Therefore, in
order to evaluate the suitably of comparing across train averaged SCLs with the
corresponding CNVs, the electrodermal data were analysed in two stages. The
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first analysis examined trials effects from the first train presented, and the second
compared these data with the corresponding over-train averages for each trial
position (1-7). Analogous data are also reported for the SCRs.
For the present study the pre-stimulus contingent negative variation (CNV)
was examined as a possible neural correlate of the tonic OR. The passive
dishabituation paradigm, used for the current study, differs to some extent from
those typically used to examine the CNV. There is no warning or feedback given
to the subject, and no task is required, thus reducing the influence of movement
and response-related preparatory potentials. If the CNV is an index of the tonic
OR, it would be expected to show a pattern of stimulus relationships similar to the
SCL. Across-train trials effects are also reported for the LPC and the SCR. Like
the SCR, the LPC is modulated by stimulus intensity. Stimulus intensity effects
for the CNV, however, have not been examined in the OR context.

9.2

Method

9.2.1

Participants
Thirty six (30 female) university students (aged 19-43, M = 22.5, SD = 6

years) participated in the experiment as one means of fulfilling a course
requirement. The procedure was explained and written consent obtained in
accordance with a protocol approved by the joint Illawarra Area Health
Service/University of Wollongong Human Research Ethics Committee, and in
line with the Declaration of Helsinki (WMO, 1996). Participants were required to
complete a demographic and screening questionnaire, and only those with normal
hearing participated. Individuals with a history of seizures, psychiatric illness or
severe head injury were excluded, as were those currently taking psychoactive
drugs.
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9.2.2

Procedure
Participants were seated in a dimly lit air-conditioned testing booth and

instructed to keep their eyes fixated on a cross displayed on a computer monitor
placed in front of them. They were asked to minimize eye movements, blinks or
other muscle movements, and to remain as relaxed as possible. Acoustic stimuli
consisted of 1000 Hz tones with a duration of 50 ms (15 ms rise/fall times) at 50
or 80 dB SPL intensity, transduced binaurally through stereo headphones.
Participants were alternately assigned to two conditions: loud-soft-loud (LSL),
which presented 5 tones at 80 dB followed by one tone at 50 dB and one tone at
80 dB; or soft-loud-soft (SLS), which presented 5 tones at 50 dB followed by one
tone at 80 dB and one tone at 50 dB. Each group was presented with 15 stimulus
trains with an 8 s inter-stimulus interval (ISI) and a 30 s inter-train interval (ITI).
The between-subjects design was used to avoid complications of between-task
habituation of the stimuli.
9.2.3

Physiological recording

Electrodermal Activity
The procedure for recording electrodermal activity was identical to that
outlined in Study 1 (section 5.2.3).
Electroencephalogram
The procedure for recording the electroencephalogram was identical to that
outlined in Study 1 (section 5.2.3). In addition, the continuous waveforms were
subjected to an EOG correction procedure (Semlitsch et al., 1986). Waveforms
were epoched offline using Neuroscan software (Compumedics, Version 3). All
single trials were visually inspected and trials containing muscular or other
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artefact were excluded from further analysis. The mean number of epochs used to
generate the ERPs at each trial ranged from 14.9 to 15.0 and did not differ
between groups, F(1,34) < 1.
9.2.4

Data Extraction
SCL. Pre-stimulus arousal level (SCL) at each stimulus presentation was

defined by the average in the 500 ms period immediately prior to stimulus onset.
SCR. The SCR traces were epoched offline in 8 s epochs commencing 1500
ms before stimulus onset. There is some evidence in Study 2 that the SCRs have
not fully resolved before the response to the next stimulus commences (see Figure
6.2). To accommodate this, SCR amplitudes were quantified following the
procedure described in Study 4 (section 7.1.2)
CNV. As the CNV is not usually examined in the paradigm used here, the
grand average ERP was epoched for the 8 s interstimulus interval, commencing at
stimulus onset. As shown in Figure 9.3, there is evidence of a clearly discernable
CNV, which commences approximately 3 seconds prior to stimulus onset.
Across-train averages were derived for each trial (1 – 7) for each subject. Visual
inspection of individual subject data showed ERPs with the expected morphology
in all cases, indicating adequate signal:noise ratio. The CNV was defined as the
negative shift between the mean voltage derived from a 100 ms moving window
(over a 500 ms segment of the pre-stimulus period, from -2500 to -2000 ms) and
the mean pre-stimulus baseline voltage (-100 to 0 ms). The 100 ms moving
average was used in order to quantify the CNV at its maximum voltage relative to
the baseline period.
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LPC. Baseline to peak measures for the LPC were computed relative to the
100 ms pre-stimulus voltage, and peak latencies were defined as the time from
stimulus onset to peak amplitude. Based on inspection of individual subjects, the
LPC was defined as the most positive peak occurring between 260 and 650 ms
post-stimulus. These measurements were made automatically in Neuroscan using
a program that allowed manual confirmation or adjustment.

Figure 9-1. Grand average midline ERPs epoched for the 8 s inter-stimulus interval, commencing
at stimulus onset. This clearly shows that the CNV is not a continuation of the NSW to the
preceding stimulus.
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9.2.5

Statistical Analysis
The data were examined with mixed analyses of variance, over trials and

group. The electrodermal data were analysed in two stages. The first analysis
examined trials effects from the first train presented. To compare the
electrodermal data with the ERPs, analogous data were also averaged (within
subject) across trains for each trial (1-7).
Tonic measures: Both the SCL and CNV measures were subject to the same
set of analyses. The design was a within-subject study examining (a) initial
sensitisation (linear and quadratic trends were examined over trials 1-3), (b)
decrement in levels with stimulus repetition (linear and quadratic trends were
examined over trials 2-6), and (c) sensitisation after the change (SCL prior to trial
7 was compared with that prior to trial 6). Trials 1-3 and 6-7 were also used to
examine effects of stimulus intensity on sensitisation.
Phasic measures: The SCR and LPC measures were both subject to a
different set of analyses. This design was a within-subject study of (a) response
decrement (linear and quadratic trends were examined over trials 1-5), (b)
response recovery to the change trial (responses to trial 6 were compared with trial
5), and (c) dishabituation (responses to trial 7 were compared with trial 5).
Response recovery and dishabituation were also examined as a function of the
change in intensity.
The ERP measures from nine central sites were subject to the topographic
analysis described in section 5.2.2. All F values reported have (1, 36) degrees of
freedom.
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Correlations
Correlations were obtained for the initial-train SCLs with the corresponding
over-train averages, and the initial train SCRs with corresponding over-train
averages, over trials 1-7 for both groups (14 points: 7 trials x 2 groups). In
addition correlations were obtained for mean SCLs with the CNVs, and the mean
SCRs with the LPC over trials 1-7 for both groups (14 points: 7 trials x 2 groups).

9.3

Results

9.3.1

SCL

First Train
As the groups were not matched, each subject‟s data were scaled by
dividing each value by the largest value shown over the train (Iacono & Lykken,
1983; Lykken & Venables, 1971). Across-subject means over trials 1-7 for each
group (LSL vs. SLS) are illustrated in the upper panel of Figure 9.2. An increase
in arousal is apparent after the first stimulus (initial sensitisation), followed by a
decrement over trials 2-6, but post-change sensitisation occurred only after the
loud change stimulus.
Initial sensitisation. Across groups, there was evidence of initial
sensitisation, shown in the quadratic trend (F = 6.65, p < 0.05). This did not differ
with group.
Decrement over trials. There was a systematic decrement in pre-stimulus
arousal, apparent in a significant linear trend (F = 23.36, p < 0.001).
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Figure 9-2. The upper panel illustrates pre-stimulus arousal (SCL) for the initial train in the
series, over trials 1-7 for each group (SLS vs. LSL); the corresponding across-train averages are
shown in the centre panel, and the lower panel illustrates the scatter plot for the initial train versus
the over-trains comparison.
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Sensitisation after the change. There was no main effect of trial. Weak
support was shown for post-change sensitisation, in a group by trial interaction (F
= 3.16, p = 0.084). As shown in Figure 9.2 (upper panel) post-change
sensitisation occurred only when the change was an increment in intensity.
Over All Trains
The centre panel of Figure 9.2 illustrates pre-stimulus arousal levels over all
trains (scaled relative to the corresponding within-subject maximum) for each trial
1-7, and each group (LSL and SLS). The across-train averaged SCLs show a
pattern across trials similar to the single-train data, as illustrated in the lower panel
of Figure 9.2 (Pearson correlation, r = 0.77, p < 0.001). Note that the variability
over trials is reduced with the increase in number of trains.
Initial sensitisation. In contrast to the initial train data, sensitisation for the
across-train averages was dependent on stimulus intensity, as shown in an
interaction between group and the quadratic trend (F = 7.95, p < 0.01). Figure 9.2
centre panel shows that initial sensitisation was apparent only after the loud tone.
Decrement over trials. Over trials 2-6, there was a systematic decrement
similar to that noted in the single train data (linear trend F = 13.62, p < 0.01).
Sensitisation after the change. Post-change sensitisation for the across-train
averages was strongly dependent on stimulus intensity, as shown in an interaction
between group and trial (F = 12.48, p < 0.001). Figure 9.2, centre panel, shows
that post-change sensitisation occurred only after the increment in intensity.
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9.3.2

SCR

First train
Figure 9.3, upper left panel, illustrates the average evoked SCRs for each
trial 1-7, for the first train of stimuli. These data were square-root transformed
and then scaled in the same manner as the SCL. Across-subject means for each
group (LSL and SLS) for trials 1-7 in train 1, are illustrated in the upper right
panel. There is evidence of response decrement across trials 1-5, followed by
response recovery for the change trial 6, and subsequent dishabituation at trial 7.
Decrement over trials. Response decrement over trials 1-5 was apparent in
both linear (F = 31.39, p < 0.001) and quadratic (F = 4.50, p < 0.05) trends.
Response recovery. There was a significant increase in amplitude from trial
5 to trial 6 (F = 14.55, p < 0.01), which was enhanced when the change was an
increment in intensity (F = 8.31, p < 0.01).
Dishabituation. There was evidence of dishabituation, with responses being
larger to trial 7 than trial 5 (F = 5.71, p < 0.05). This did not differ with intensity
of the change trial.
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Figure 9-3. The upper left panel illustrates across subject mean SCRs for each trial 1-7 of the
initial train; the corresponding across-train SCRs are shown in the lower left panel. Relative
square-root mean amplitude measures over the initial train for each trial and each group (SLS vs.
LSL) are illustrated in the upper right panel; the analogous across-train averages are illustrated in
the centre panel. The scatter plot for the initial train versus the over-trains comparison is in the
lower right panel.
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Over all trains
Figure 9.3 lower left panel, illustrates the across-trains grand average
evoked SCRs for each trial 1-7. Note that these data are illustrated on a different
scale to that used for the first train. Across-subject means for each group (LSL
and SLS), for trials 1-7, are illustrated in the centre right panel. These averaged
relative SCRs showed an across-trial pattern similar to the initial-train data,
although there is a noticeable change in response pattern to the novel stimuli. For
the first train, response magnitude is larger to the initial novel than to the
interpolated novel tone, whereas the response to the interpolated novel is
relatively larger in the over-train averages. In correlation terms, the across-train
averaged SCRs show a pattern across trials broadly similar to the single-train data
(r = 0.71, p < 0.001), illustrated in the lower right panel of Figure 9.3.
Decrement over trials. As with the first train, response decrement was
shown in both linear (F = 19.41, p < 0.001) and quadratic (F = 6.10, p < 0.05)
trends.
Response recovery. Response recovery was again apparent in a significant
increase from trial 5 to trial 6 (F = 7.60, p < 0.05). Despite the apparent
difference shown in Figure 9.3 (centre right panel) this did not differ significantly
with intensity.
Dishabituation. Dishabituation was also shown across trains, with
amplitudes being enhanced for trial 7 compared with trial 5 (F = 7.03, p < 0.05).
This did not differ with intensity.
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9.3.3

CNV
Figure 9.4 shows the across-trains grand average ERP across frontal sites

(F3, Fz, F4) for each trial 1-7 (top left panel). There is evidence of a pre-stimulus
CNV at each trial. Post-stimulus there is a prominent N1 component peaking at
approximately 160 ms, and a large positivity (LPC) peaking at about 360 ms,
followed by negative slow-wave activity for the remainder of the epoch
illustrated.
Topography. The topography of the CNV, based on the nine sites examined
(F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) for trials 1-7, averaged over groups and
separately for each group (LSL and SLS), is illustrated in the lower panel of
Figure 9.4. The CNV showed a frontal topography. This was significant over the
initial trials 1/2/3 (F > P: F = 9.68, p < 0.01) and later trials 5/6/7 (F > P: F = 8.27,
p < 0.01). As the CNV was primarily evident at frontal sites, and there were no
topography differences between groups, only those sites (F3, Fz, F4) were
examined for trials and intensity effects. Like the SCL, the CNV appears to show
sensitisation after the initial trial, decrement over subsequent trials, and
sensitisation after the change trial. In addition, however, the CNV also showed an
increase prior to the change trial. This difference in pattern between the SCLs and
CNVs was apparent in their lower correlation (r = - 0.43, p = 0.06) illustrated in
the upper right panel of Figure 9.4.
Initial sensitisation. Initial sensitisation for the CNV, as shown in the
quadratic trend, approached significance (F = 3.87, p = 0.057). As shown in the
bottom panel of Figure 9.4, initial sensitisation was pronounced for the LSL
group, but this intensity interaction only approached significance (F = 3.83, p =
0.058).
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Figure 9-4. The upper left panel illustrates the across-subject average ERP at frontal sites (F3, Fz,
F4) for each trial 1 – 7. The data are illustrated for the –3000 to +2000 ms epoch. The dotted lines
define the beginning of the CNV. The comparison between the SCL and the CNV pattern is
illustrated in the upper right panel. The lower panel show topographic maps of the CNV from the
nine sites examined (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) at each trial for the grand mean (GM), and
separately for the two groups (SLS and LSL).
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Decrement over trials. In contrast to SCL, only the quadratic trend over
trials 2-6 was significant (F = 10.90, p < 01). Figure 9.4 (lower panel) indicates
that a decrement in CNV from trial 2 occurred for trials 3 and 4, followed by a
continuing increment for subsequent trials.
Sensitisation after the change. Post-change sensitisation was not significant
for the CNV.
9.3.4

LPC
Figure 9.5 illustrates the across-trains grand average ERP across parietal

sites (P3, Pz, P4) for each trial 1-7 (top left panel). ERP morphology differs from
the frontal ERPs shown in Figure 9.4 – N1 is smaller, the LPC is much larger, and
it is followed by positive slow-wave activity that returns to baseline about 1 s
post-stimulus.
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Figure 9-5. The upper left panel illustrates the across-subject average ERP at parietal sites (P3,
Pz, P4) for each trial 1 – 7. The data are illustrated for the –3000 to +2000 ms epoch. The
comparison between the SCR and the LPC is illustrated in the upper right panel. The lower panel
show topographic maps of the LPC over the nine sites examined at each trial for the grand mean
(GM), and separately for the two groups (SLS and LSL).
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Latency. Latencies were shorter to loud (M = 335 ms, SD = 26 ms)
compared with soft tones (M = 355 ms, SD = 20 ms; F = 8.86, p < 0.01). Shorter
latencies were shown at frontal (M = 341 ms, SD = 24 ms) compared with parietal
sites (M = 349 ms, SD = 18 ms) (F = 8.61, p < 0.01), and this effect was evident
primarily to soft (Frontal, M = 346 ms, SD = 25 ms; Parietal, M = 361 ms, SD=18
ms) compared with loud tones (Frontal, M = 335 ms, SD = 26 ms; Parietal, M =
337 ms, SD = 18 ms) (F = 5.23, p < 0.05).
Topography. The mean LPC values based on the nine sites examined (F3,
Fz, F4, C3, Cz, C4, P3, Pz, P4) for trials 1-7, over groups (GM) and separately for
each group (LSL and SLS), are illustrated in the lower panel of Figure 9.5. In the
coronal plane, the LPC showed a centro-parietal topography over trials 1-5 (P > F:
F = 13.7, p < 0.001; C > F/P: F = 4.48, p < 0.05), and a parietal maximum over
trials 5/6 (P > F: F = 37.86, p < 0.001) and 5/7 (F = 22.99, p < 0.001). In the
lateral dimension, a midline maximum (M > L/R) was shown in each analysis:
trials 1 – 5 (F = 24.83, p < 0.001), 5/6 (F = 19.44, p < 0.001) and 5/7 (F = 17.17, p
< 0.001). This was larger for the LSL group in trials 1 to 5 (F = 5.78, p < .05). In
trials 5/6, the LPC was larger on the left in the LSL group and larger on the right
for SLS (F = 4.27, p < .05); the same lateralisation effect was shown in trials 5/7
(F = 11.60, p < .005). Like the SCR, the LPC showed a pattern of response
decrement, response recovery and dishabituation. Comparisons between the SCR
and the LPC patterns (over the nine central sites), illustrated in the upper right
panel of Figure 9.5, supported these observed similarities (r = 0.90, p < 0.001).
Decrement over trials. Response decrement over trials 1-5, shown in Figure
9.5 (lower panel), was apparent in linear (F = 51.26, p < 0.001) and quadratic
trends (F = 15.88, p < 0.001).
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Response recovery. Like the SCR, there was evidence of response recovery
over groups (F = 25.88, p < 0.001), and this was enhanced when the change was
an increment (F = 13.78, p < 0.001). Across group, recovery was enhanced at
parietal sites (F = 9.81, p < 0.01), and along the midline (F = 14.34, p < 001).
Dishabituation. Again, like the SCR, there was evidence of dishabituation
across groups for the LPC, with responses being larger on trial 7 than trial 5 (F =
4.40, p < 0.05).

9.4

Discussion
This study was carried out with two broad aims: to explore trials effects in

autonomic measures of the tonic and phasic OR in a passive dishabituation
paradigm, and to seek comparable effects in two cortical measures.
The initial single trial electrodermal analyses extended the data from Barry
and Sokolov (1993) and Barry (2004) by examining the tonic OR in relation to
response recovery and dishabituation. As expected from this previous work, the
SCL showed evidence of sensitisation, i.e. an increase in arousal, after the first
stimulus presentation, followed by a decrement over trials 2-6. Sensitisation after
the change trial, however, occurred following only the loud tone. The results for
the single trial SCRs were consistent with previous reports (Barry, 1979, 1996;
Barry et al., 1993; Barry & James, 1981; Connolly & Frith, 1978) in showing
formal evidence of the habituation process: response decrement with repeated
stimuli, response recovery to a change stimulus, and dishabituation to representation of the standard stimulus. Response recovery was further enhanced
for the loud compared with the soft change. Both phasic and tonic OR measures
were augmented by novelty, and the louder intensity, but differed in the detail of
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their stimulus-response relationships. Initial novelty (i.e. for the first stimulus
presented) was reflected in an enhanced phasic SCR-OR, compared with
subsequent stimulus repetitions (habituation), and by an enhanced tonic OR
(sensitisation), again followed by decrement. In contrast, novelty of the change
was reflected only in the phasic OR, whereas the tonic measure was dependent
upon the increment in intensity.
Correlations between the single trial SCLs and the across-train averages
were highly significant, but there was one difference shown in the response
patterns for the tonic measure. For the first train both groups showed initial
sensitisation, but change sensitisation was shown only by the SLS group (i.e.
when the change was an increment in intensity). For the SCL across-train
averages, however, sensitisation was dependent upon the louder intensity for both
initial and change trials. The very first stimulus presentation is highly novel, in
that it is presented in a situation where there is no stimulus context, but
succeeding presentations (including the initial trial in each subsequent train) are
presented within the context of the over-train – over-trial repetitions. This
suggests that, for passively processed stimuli, initial novelty alone is sufficient to
induce an increase in arousal, whereas subsequent tonic changes are dependent
upon the additional arousing properties of stimulus intensity. The across-trains
SCR pattern was similar to that of the single train, but the intensity effect apparent
in the response to the change trial in the initial train was no longer evident. These
results show that novelty had a greater modulating effect on phasic responses, in
contrast to tonic changes, which were primarily modulated by the louder intensity.
This supports the view of Barry (2004) that sensitisation is not simply a result of
the phasic OR, but represents an independent tonic effect.
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Correlations between the first train and the across-train averages for each of
the EDA measures were substantial, indicating that the paradigm was suitable for
extending beyond the initial train and exploring the ERP correlates of the OR
using the template of the across-trains average OR measures. The CNV was
therefore examined as a candidate component of the tonic OR, and the LPC as a
candidate component of the phasic OR.
Pre-stimulus changes in the CNV were first examined and then compared
with the tonic OR-yardstick, the SCL. Since the CNV is not usually examined in
the dishabituation paradigm, the ERP for the eight second interstimulus interval
was initially examined. A frontal negative component was prominent prior to
stimulus onset, somewhat compatible with the CNV reported for the warned
reaction-time paradigm. Rohrbaugh and Gaillard (1983) have argued that the
non-motor component of the CNV reflects the continuation of the negative slow
wave (NSW) to S1. As this was a passive task, a motor-component is not
expected, and there is no evidence in these data that the CNV is a continuation of
the NSW to the previous stimulus. Rather, as shown in Figure 9-1, the NSW
resolved approximately 2 s after stimulus onset, and the CNV commenced about
two seconds later, i.e. approximately 3-4 s prior to the next stimulus. Previous
reports indicate that more than one component may be active in the CNV (e.g.
Damen & Brunia, 1987a; Van Boxtel & Böcker, 2004), but there is no direct
evidence of this in the present data. Scalp topography for the CNV did not differ
over trials. Although only one set of analyses are reported, a 100 ms mean
amplitude measure at each 500 ms segment of the epoch from the onset of the
CNV was also examined; no pattern differences from that reported were observed.
Bender et al. (2004, 2005, 2007) recently reported that the early CNV showed a
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frontal topography that reflected the activation of neural generators associated
with early preparation for S2, and that this activation recruited cortical generators
involved in responding to S2, evidenced in a late cento-parietal CNV. The CNV
reported in the current study is clearly representative of the late CNV, i.e. is not
related to S1 per se, and is not a continuation of the slow wave to the previous
stimulus, but its topographic distribution is much closer to that reported for the
early CNV. This is not surprising. Since there was no controlled
processing/response required here, there would be very little, if any, additional
recruitment of centro-parietal neural generators as in Bender et al‟s late CNV.
The current data thus support Bender et al.‟s (2007) opinion that the early
preparatory processes seen in the early CNV are independent of responses to the
processing of S1.
Sensitisation effects were weak for the CNV compared with those in the
SCL. There was a tendency towards initial sensitisation, and this effect was
enhanced for the loud tones. In contrast to the SCL, the decrement over early
trials for the CNV was followed by an increase in amplitude prior to the change
trial, which may reflect an expectancy effect. Although there appears to be some
evidence of post-change sensitisation in the data, this effect was not as strong as
the pre-change expectancy effect, and was not significant. These differences were
reflected in the relatively low correlation between CNV and SCL.
Supporting previous findings (Study 3), the LPC showed a stimulusresponse pattern analogous to the SCR, the phasic OR-yardstick, in terms of
formal evidence of the habituation process: response decrement with repeated
stimuli, response recovery to a change stimulus, and dishabituation to representation of the standard stimulus. In contrast to the SCR, response recovery
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was enhanced when the change was an increment in intensity. This intensity
effect was apparent in the initial-train SCRs only. An intensity effect was evident
for both SCR and LPC measures in Studies 2 and 3, but only for the LPC in Study
4. The LPC amplitudes showed some between-group differences in topography
and peak latency. Intensity effects were found to be related to specific subcomponents of the LPC in the previous studies. The role of other PPT measures,
sensitive to intensity effects, need to be considered when placing the LPC subcomponents within PPT. This is discussed further in the final discussion (Chapter
10).
This study replicated Study 3 (Rushby et al. 2005), in showing that the LPC
and SCR are comparable indices of the phasic OR. This study also furthers links
between the traditional autonomic measures of the OR and its CNS correlates.
The CNV exhibited some of the characteristics of the tonic OR, commonly
indexed by SCL. In addition, however, the CNV showed evidence of another
state process that may reflect expectancy. The placement of CNV within the PPT
framework will be considered in the final discussion of the thesis.
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CHAPTER 10 : GENERAL DISCUSSION
AND CONCLUSIONS
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10.1 Aims and Methodology
The major aim of this thesis was to examine putative ERP correlates of the
phasic and tonic OR, and assess the suitability of their integration within
Preliminary Process Theory. A systematic approach was taken for this
examination, in which three different paradigms were utilised, a version of the
classic ANS habituation paradigm (Study 1), an ERP-style dishabituation
paradigm (Studies 2, 3 and 5) and a classic auditory oddball paradigm (Study 4).
The methodology utilised in this thesis has shown that it is possible to
bridge methodological differences in ANS and ERP research. Study 1 examined
SCRs, ECRs and ERPs in a simple habituation paradigm, in which responses were
examined to a single series of a repetitive stimulus, at a very long ISI. ERPs are
not considered to be stable measures for a single trial-to-trial analysis, partly due
to the observation that some trials do not contain a visible ERP. Based on the
premise that the ERP signal is sometimes hidden in the background EEG noise, a
number of methodologies have been introduced to the literature, aimed at
reducing the background noise, in order to enhance/optimise an estimate of the
ERP (e.g. Molenaar & Roelofs, 1987; Woestenburg et al., 1983). In contrast to
current thoughts in the literature, however, Study 1 showed that robust single-trial
ERPs are elicited when a long ISI is utilised. Studies 2 and 5 utilised the
dishabituation paradigm, which extends the simple habituation paradigm, to also
examine response recovery and dishabituation. In order to examine the feasibility
of over-train averaging in the electrodermal OR-yardsticks, Studies 2 and 5
compared SCRs and SCLs (respectively) from the first stimulus train presented
with the across-train averages. Correlations between response patterns in the first
train and the across-train averages were substantial, indicating that the paradigm
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was suitable for extending beyond the initial train and exploring the ERP
correlates of the phasic and tonic OR using the template of the across-trains
averages. Study 4 utilised a relatively new technique for quantifying the SCRs in
a typical ERP short inter-stimulus interval task. Results for the SCRs were in line
with the outcomes of previous research using more traditional ANS paradigms.
Overall the stimulus-response patterns for each of the ANS measures
examined were consistent with previous reports.

10.2 SCR as a Phasic OR-Yardstick
As expected from previous literature, the SCRs showed formal evidence of
the habituation process: response decrement with repeated stimuli, response
recovery to a change stimulus , and dishabituation to re-presentation of the
standard stimulus (Barry, 1979, 1996, 2004; Barry et al., 1993; Barry & James,
1981; Connolly & Frith, 1978). In addition, the SCR showed stimulus intensity
and significance effects compatible with expectations from the OR literature
(Barry, 1975, 1982a, 1982b; Barry & Furedy, 1993; Barry & James, 1981;
Germana, 1968; Jackson, 1974). These results were consistent for both the singletrial measures and the over-train averages. The consistency of the SCRs
sensitivity to the core OR determinates supported its utilisation as the model
phasic OR-yardstick throughout the thesis.
Of the ERP components, it was expected that the LPC would show a
stimulus-response pattern analogous to that shown by the phasic SCR ORyardstick.
Support was shown for this proposal in Studies 3, 4 and 5, but only a weak
relationship was shown in Study 1. A number of possible explanations arose in
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the subsequent studies that may account for this inconsistency. Of the three
components found to contribute to the LPC in Study 1, only one, the Novelty P3,
showed evidence of response decrement. Four components were found to
maximally contribute to the LPC in Studies 3 and 4, the P3a, P3b, Novelty P3 and
the classic anterior negative/posterior positive slow wave. In contrast to Study 1,
response decrement was found for the Novelty P3 and the SW components in
Study 3. The SW showed a peak latency of 550 ms and was augmented by
stimulus intensity, stimulus significance (button press) and perceptual difficulty.
It is possible that the 500 ms post-stimulus epoch entered into the PCA in Study 1
was too narrow to capture the SW component, and/or that it was obscured by the
eye-movements associated with the instructions. The current data suggest that the
stimulus-response pattern of the LPC is strongly determined by the patterning of
the underlying sub-components, and that as a single measure, the LPC does not
provide a complete picture of the stimulus-response parameters.
Recent reports in the literature have suggested that only two separate subcomponents, the P3a and the P3b, contribute to the LPC, with the addition of the
SW under certain conditions (Dien et al., 2004; Simons et al., 2001; Spencer et al.,
2001). However, the current work has shown that four separate components,
which differ by scalp topography, latency and task requirements, may be present
in the LPC. Four similar components were obtained in each of the individualgroup PCAs in Study 3, and each of these components was found to correlate
significantly (p < .001) only with the corresponding component in the overall
PCA.
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10.2.1 P3a
The P3a component is described as an early fronto-central positive
component elicited by all deviant events – i.e. novel, attend, ignore (Dien et al.,
2003, 2004; Goldstein et al., 2002). In line with this, the P3a was found to
contribute to the LPC in the habituation paradigm, the dishabituation paradigm,
and the oddball task. The P3a component has been shown to be enhanced with
reduced stimulus probability (Johnson, 1993), and has been proposed as reflecting
an involuntary switching of attention (Näätänen, 1992), inhibition of a response
automatically engaged with the detection of deviance (Goldstein et al., 2002), and
is most commonly considered as part of a general or involuntary OR to
unexpected or novel stimuli (Courchesne et al., 1975, 1978; Cycowicz &
Friedman,1998; Fabiani & Friedman, 1995; Friedman & Simpson, 1994;
Marinkovic et al., 2001; Roth, 1973; Squires et al., 1975; Yamaguchi & Knight,
1991).
Barry and Rushby (2006a) suggested that the P3a component may represent
the involuntary OR, while the P3b represents additional processing associated
with the voluntary OR, and suggested that links should be sought between P3a
and ECR1, and between P3b and ECR2. This relies on the establishment of those
separate cardiac responses as markers of involuntary/voluntary stimulus
processing associated with cognitive load. In Study 1 the complex ECR1/ECR2
was observed, together with P3a and P3b. None of these showed trials effects.
There was no formal evidence of habituation for the P3a response, and no
difference in magnitude for voluntary versus involuntary processing in Study 3.
Also, the magnitude of the P3a component was primarily sensitive to stimulus
intensity in Studies 3 and 4.
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In line with other studies (e.g. Dien et al., 2003, 2004; Goldstein et al.,
2002) the P3a was associated with the processing of all stimuli, and reflected
stimulus intensity. An additional mechanism, the temporary feature-matching
process of Barry (1996), may better explain the functional significance of the P3a
stimulus-response pattern. The vigilance system at the executive level can set up
a temporary feature matching system for a particular task. That system would be
expected to reflect in its output all the physical parameters of all task-related
stimuli, such as their intensity. Each stimulus triggering this system would elicit
similar activity. If the match is to the indifferent stimulus, only processing
leading to the involuntary OR will be elicited. If the match is to a target,
additional outputs will lead to generation of the additional voluntary OR. Further
research that includes the concurrent examination of both phasic and tonic
measures is necessary, before the placement of the P3a component within PPT can
be fully clarified.
10.2.2 P3b
The P3b showed the centro-parietal positive topography and peak latency of
~ 350 ms usually reported for this component (e.g. Polich, 2007; Spencer et al.,
2001). Like the P3a, the P3b component was extracted for each paradigm
examined with PCA in this thesis. In line with previous research the P3b
amplitude was enhanced with reduced probability and in actively attending
subjects.
Barry and Rushby (2006a) speculated that future research could profitably
seek a linkage between with the P3b component and the cardiac response
associated with the voluntary OR. The initial deceleration (ECR1) apparent to
each stimulus event, is followed by an acceleration (ECR2) when participants are
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required to attend to the task (e.g. count or BP). In this context the ECR2 is not
considered as replacing the ECR1 but as an additional component present in taskrelevant responses. The magnitude of the P3b was significantly enhanced in
actively attending subjects, and as expected from the properties of the ECR2,
there was no formal evidence of habituation shown for this component. These
results provide further support for a linkage between the ECR2 and the P3b
component, but this requires substantiation in a variety of tasks, that include the
concurrent examination of the cardiac response and the P3b.
Response decrement to stimulus repetition was shown for the P3a and P3b
components in Study 3, but was not found for either component in Study 1.
Response decrement was not a reflection of the habituation process, as neither
component showed evidence of dishabituation, and response recovery was
dependent upon stimulus parameters. It is possible that the neural generators of
the LPC sub-components have different refractory/recovery cycle effects. That
would have little impact upon component amplitudes in Study 1, which used an
ISI of 2 minutes, but may have had an impact at the shorter 8 s ISI used for study
3. Examination of this was beyond the scope of the current work, but the future
exploration of refractory/recovery cycle effects in the LPC sub-components may
explain some of the current inconsistencies reported in the literature.
The non-habituating properties of the P3a and P3b, together with their
significant intensity effects, suggests that these components may both reflect
analogues of pre-OR outputs of the temporary feature-matching system,
depending on whether the stimulus is identified as reflecting indifferent (nontarget) or significant (target) stimuli. These then match ECR1 alone or
ECR1+ECR2, except for the intensity effects in these LPC subcomponents –
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which reflects their elicitation at a later processing stage than ECR1. One
interesting proposition is that this view would see a parallel between
ECR1+ECR2 and P3a+P3b, which can lead to new predictions, which, in turn,
may clarify the functional significance of these ERP components, but this requires
substantiation in a variety of tasks, that include the concurrent examination of the
cardiac response and the P3b.
10.2.3 Novelty P3
In contrast to current ERP literature, this thesis showed evidence that, in
addition to the P3a and P3b components, the Novelty P3 may also contribute to
the LPC. The Novelty P3 was a positive component which primarily showed a
global topographic distribution. Like the SCR OR-yardstick, the Novelty P3
showed evidence of response decrement, response recovery and dishabituation,
similar to the SCR. In contrast to the SCR, however, the amplitude of the Novelty
P3 was not augmented by stimulus significance or stimulus intensity, ruling it out
as an OR index. The Novelty P3 showed a stimulus-response pattern as expected
of the Novelty register in PPT, supporting its preliminary placement as an ERP
analogue of the respiratory pause response (RESP) and EEG alpha
desynchronisation.
Barry, Kirkaikul and Hodder (2000) have previously shown a direct
dependence of P3 amplitude on alpha level. Other more recent work by Barry and
colleagues examining the effects of pre-stimulus EEG activity, and EEG phase at
stimulus onset, upon the subsequently generated ERP, has shown that prestimulus alpha activity makes a significant contribution to both the amplitude and
latency of the post-stimulus ERP components (Barry, Rushby, Johnstone, Clarke,
Croft, & Lawrence, 2004; Barry, Rushby, Smith, Clarke, & Croft, 2006; Barry,
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Rushby, Smith, Clarke, & Wallace, 2007). While background EEG activity in
relation to PCA extracted components has not been explored here, these linkages
suggest that such exploration would be productive in future work.
10.2.4 Slow Wave
An additional component, the classic anterior negative/posterior positive
slow wave, was also shown to contribute to the LPC in Studies 3 and 4. A
component believed to reflect the SW has been shown to be elicited in the oddball
task, the warned reaction-time paradigm and the dishabituation paradigm
(Courchesne et al., 1983; Loveless et al., 1987; Zimmer, 2002). Generally this
component has been quantified as an area or baseline-to-peak measure, primarily
because the anterior negative and posterior positive aspects show differential
stimulus-response relationships. Those studies that have closely examined the
SW alone with PCA show similar findings, suggesting that the anterior and
posterior aspects represent individual sub-components. Although elicitation of
this component has been proposed as reflecting an OR, results have been
equivocal. The SW was first extracted in this thesis in the dishabituation
paradigm. In line with other studies, the anterior negative/posterior positive
aspects of the SW were differentially sensitive to the stimulus parameters
examined. The ANSW was elicited by both attend and ignore deviants, with the
PPSW present only in attend conditions. The components were differentially
sensitive to stimulus intensity, with the PPSW being augmented by a decrement in
intensity, and the ANSW by an increment. Both aspects showed evidence of
response decrement, response recovery and dishabituation. Analogous
topography, stimulus intensity and stimulus significance effects were found for
the ANSW and PPSW components in the oddball task. It has previously been
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suggested that the ANSW may represent an ERP index of the OR (Simons et al.,
1987; Zimmer, 2002; Zimmer & Demmel, 2000), and some support for this was
shown here. Like the SCR, the SW showed across-group evidence of response
decrement, response recovery and dishabituation. However, the anterior negative
and posterior positive aspects were further fractionated by the stimulus parameters
examined. The ANSW showed sensitivity to stimulus intensity, but not stimulus
significance, whereas the PPSW was augmented by stimulus significance, and (as
interpreted in Study 3) perceptual difficulty. As noted earlier, the data in this
thesis suggest that the 50 dB tone was too soft to be reflected substantially in the
measures examined here, and that an increase in intensity of the soft stimulus in
future work may better clarify the functional significance of the SW.
10.2.5 Summary
The most commonly-cited interpretation of the functional significance of the
LPC (P300) is the „context updating hypothesis‟ (Duncan-Johnson & Donchin,
1977; Johnson & Donchin, 1978). However, converging evidence from a large
number of sources showed that more than one sub-component contributes to the
LPC (e.g., Barry & Rushby, 2006a; Bledowski et al., 2006; Dien et al., 2004;
Halgren et al., 1995a, 1995b; Knight, 1996; Simons et al., 2001; Spencer et al.,
2001), questioning the conceptualisation underlying the monolithic theory. Polich
(2007) and Dien et al. (2004) have recently noted that renewed efforts are required
by researchers to develop a theoretical interpretation of the functional significance
of the LPC, based on its underlying sub-components. The primary proposal
presented in this thesis was that PPT would provide a better account of the
functional significance of the LPC, which could also incorporate its underlying
sub-components. It was expected that the LPC would show a stimulus-response
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pattern analogous to the SCR OR-model, and that the underlying P3a and P3b
sub-components would separately reflect voluntary and involuntary processing.
However, it was shown that up to four sub-components may contribute to the
LPC, each of which were shown to be differentially sensitive to stimulus
parameters and task demands, and reliably consistent across paradigms. In line
with the response-fractionation shown by the autonomic measures of the OR, the
LPC sub-components were shown to reflect different preliminary processes as
described in PPT. The P3a and P3b components appear likely to be analogues of
pre-OR outputs of the temporary feature-matching system. The Novelty P3
strongly reflected only novelty, supporting its initial placement as an analogue of
the respiratory response (RESP) and EEG alpha desynchronisation. The SW
component showed the formal requirements of an OR index, however, these were
further fractionated between the anterior and posterior aspects of this component.
Although most reports indicate that the anterior and posterior aspects of the SW
are separate components, they are typically extracted by PCA in a single
component. Further decomposition of the SW is required before the placement of
the ANSW and PPSW as separate components within PPT can be considered.
The reliability of the stimulus-response patterns shown in this thesis has provided
the foundation for a better model of the functional significance of the LPC and its
sub-components, but this needs support in further studies with a variety of task
requirements.

10.3 SCL as a Tonic OR-Yardstick
A preliminary investigation of the tonic OR was provided in Study 5
(Chapter 9). Sokolov (1963) hypothesised that the tonic reflex has an important
role in OR elicitation through its association with general arousal, which amplifies
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the phasic reflex produced in the stimulus-comparator mechanism. SCL has had a
long history of use as an index of CNS arousal (e.g., Lykken & Venables, 1971;
Raskin, 1973), but trials effects have rarely been examined. Study 5 was designed
to extend Barry and Sokolov (1993) and Barry (2004) by examining the tonic OR
in relation to response recovery and dishabituation. Intensity effects upon prestimulus arousal were also examined. As expected, the SCL showed evidence of
sensitisation, i.e. an increase in arousal, after the first stimulus presentation,
followed by a decrement over trials 2-6. Sensitisation after the change trial,
however, occurred following only the loud tone. In order to examine the CNV as
a CNS candidate component of the tonic OR, across-train averaging was explored
in the SCL. Although correlations between the initial and across-train averages
were significant, there was a difference shown over trials. Sensitisation was
dependent upon the louder intensity after both the initial and the change trial, for
the across-train averages. These results were in contrast to the SCRs, which
showed an intensity effect in the initial-train, but not for the across-train averages.
These results supported Barry‟s (2004) view that sensitisation is not simply a
result of the phasic OR, but represents an independent tonic effect.
The CNV exhibited some of the characteristics of the tonic OR, however, an
additional state process, that may reflect expectancy, was also apparent.
Sensitisation effects in SCL were found to be stronger when the stimuli were
significant (Barry, 2004), and perhaps this would also be the case with the CNV.
Changes in heart rate (HR) level (not examined in this thesis), but not SCL, have
previously been shown to be related to pre-stimulus vigilance (Tremayne & Barry,
2001), motor preparation, and stimulus anticipation (Damen & Brunia, 1987b;
Simons et al., 1983). Tremayne and Barry interpret these differences as reflecting
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the fractionation of putative measures of arousal, and suggest that, while SCL
changes reflect arousal per se, HR changes may better reflect vigilance
performance during a task. The concurrent examination of SCL and HR in future
studies of the CNV would thus appear to be beneficial in delineating the different
state processes involved in CNV elicitation.
There is no direct evidence to indicate that expectancy had an effect upon
the phasic OR to the change stimulus. Expectancy did not differ with intensity,
whereas the OR was enhanced to the intensity increment. Converging evidence
shows that the different neural sources indicated for the sub-components of the
LPC (Barry & Rushby, 2006a; Bledowski et al., 2004; 2006; Knight, 1996) show
some overlap with sources involved in the generation of CNV and SCL
(Fredrickson et al., 1998; Nagai et al., 2004), in particular the mid-frontal cortex
and cingulate. This overlap is likely to reflect an underlying source of task-related
arousal (not necessarily conscious) common to each component (Polich & Criado,
2006), suggesting that both the similarities and differences between measures
require closer scrutiny. The concurrent examination of ANS and CNS measures,
coupled with source analysis, will enhance our understanding of the theoretical
significance of different stimulus-response patterns, and the underlying neural
pathways that contribute to them. Note that PPT can accommodate both arousal
and vigilance state effects in a variety of preliminary processes leading to the OR,
and these would be worth exploring in future studies.

10.4 Limitations and Future Directions
The examination of the evoked cardiac response (ECR) was included
primarily to explore the feasibility of comparing this measure with ERPs. In PPT
the first component, ECR1, is operationalised as an index of stimulus
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registration/detection, and the second, ECR2, is conceptualised as an index of
stimulus significance. Barry and Rushby (2006a) suggested that the P3a and P3b
sub-components of the LPC may respectively reflect parallel indices of the
involuntary OR, indexed by the ECR1, and the voluntary OR indexed by the
ECR2. A biphasic HR response was elicited in Study 1, consisting of an initial
deceleration (ECR1) followed by a subsequent acceleration (ECR2), as is
expected for significant stimuli, such as those examined in Study 1 (Barry, 1988;
Barry & Mitchell, 1986). Results from Study 1 tentatively suggested a
relationship between the evoked cardiac responses and the P3a and P3b, but their
further exploration was beyond the current work.
The primary proposal in this thesis was that the stimulus-response pattern
for the LPC of the ERP would be analogous to that shown in the SCR ORyardstick. In order to clarify which, if any, of the ERP components showed a
stimulus-response pattern analogous to the OR, trials effects in each of the
prominent ERPs (P1, N1, P2, N2, LPC) were examined in Study 1. Stimulusresponse patterns for the earlier ERP components (P1, N1, P2 and N2) showed
that none were analogous to the SCR OR-yardstick. This was apparent for both
the baseline-to-peak measures and the PCA-derived components.
The P1 and P2 components each showed a stimulus-response pattern similar
to the N1 component for the baseline-to-peak data, but were not extracted as
identifiable components in the current PCA. Each of these components has been
considered to reflect attentional enhancement (Kenemans et al., 1993; Woldorff &
Hillyard, 1991) and are thought to reflect the general level of arousal (Waldo et
al., 1992). In line with this, neither component was analogous to the SCR-OR.
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A large body of evidence indicates that up to three separate sub-components
contribute to the N1. However, only one component was extracted by the PCA in
Study 1, that was in line with the baseline-to-peak measure, and corresponded to
the non-specific N1. The results indicated that other sub-components were either
not present, or if they were, contributed too little variance to the data to be reliably
extracted.
The N2 component is thought to consist of the N2a (MMN) elicited by
deviants in an ignore task, which is overlapped with the N2b when participants are
asked to actively attend. The N2 evident in Study 1 was representative of the
N2b, which appears to be primarily related to attentional aspects of stimulus
selection/processing. In PPT, stimulus significance is indexed by an enhanced
SCR-OR and a cardiac acceleration (ECR2). These responses are represented in
PPT as part of the executive system, which is conceptualised as contributing to the
voluntary OR magnitude, but not as a direct index of this process.
A finer-grained PCA analysis, focusing upon the segment of the epoch
within which the P1, N1, P2 and N2 components are elicited, such as was used to
examine the LPC in studies 3 and 4, may optimise the variance of the earlier subcomponents of the ERP (Kaiser & Tenke, 2003). The concurrent examination of
other autonomic indices under a variety of conditions is necessary before the
placement of the P1, N1, and P2 components within PPT can be clarified. In turn,
this may further uncover the functional significance of the earlier ERP subcomponents.
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10.5 Clinical Utility
The studies in this thesis have shown that at least three sub-components, the
P3a, the P3b, and the Novelty P3, consistently contribute to the LPC of the ERP.
This finding was stable for the three paradigms utilised here, the simple
habituation paradigm, the ERP dishabituation paradigm, the oddball task, and
previously, for the Go-NoGo task (Barry & Rushby, 2006a). The classic slow
wave was also found to be contemporaneous with the other components for some
complex task conditions.
This suggests that decomposition of the LPC might have broader utility in
explicating ERP differences found in clinical disorders involving attentional or
perceptual dysfunction. For example, a recent review of ERPs in attentiondeficit/hyperactivity disorder (AD/HD) noted that a substantial number of ERP
anomalies have been identified (Barry et al., 2003). The most robust of these has
been a reduction in amplitude of posterior aspects of the LPC to target stimuli in
the auditory oddball task. In contrast, an increase in LPC amplitude has been
shown to the standard (irrelevant) stimuli. The large majority of these studies
have examined the LPC as a baseline-to-peak measure. Interpreting the
implications of these differences in terms of the LPC sub-components has been
challenging. The present results suggest that exploration of the AD/HD LPC
anomalies in terms of P3a and P3b, in relation to their functionality as
hypothesised above, could be fruitful. Further, simultaneous examination of both
central and peripheral measures from the OR perspective should have explanatory
potential in future investigations of the LPC in AD/HD and other clinical
populations.
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10.5 Final Conclusion
The theoretical structure of PPT has provided a solid framework from which
to make predictions in regards to ANS measures in the OR context. The
exploration of stimulus intensity and novelty effects has led to important
theoretical developments in relation to habituation which impact beyond the field
of the OR itself, and have extended the OR into more complex and voluntary
attentional processes. The data from this thesis suggest that the integration of
ERPs within the PPT framework provides heuristic value in making predictions
about stimulus-response patterns that underlie the separate components of the
ERP. Elaboration of this perspective will also enhance what is currently known
about the autonomic response patterns, ultimately providing a window into their
neurological substrates. In conclusion, the approach used here, employing the
electrodermal parameters as OR-yardsticks, may be useful in clarifying the
determining factors that underlie the ERP in various paradigms, potentially
leading to a reinterpretation of its functional significance.
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